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H]d EMARTW(VIT, Vision Transformer):
“An Image is Worth 16x16 Words: Transformers for Image

Recognition at Scale”

Qok EAMAmOE AHAA oA AN BECR Ate] YT

g, ZARH "ld Fof
of A= 01'%13 | CNNxt &7 ARE=|7 4, CNNe| 8 4 245 HAsts YAe=z Ag
EH, AR 2= 102 fAske 497 2ok 22y, o]2fgk CNNoj| tgh o & glo], o
7194 A|erst= ViT(Vision Transformer)= ©0]0]X] TjX]S52] A|HAO £33 EAMATH
(pure transformer)S AIF A&5f= oJu]x] 7 AN e £2 H55 &

7% golg& AW sh5(pre-training)S 7%l &, FIF 49 = AW 00X
Alop=of] o] sh&(transfer learning)s £34stH, %4 CNNE3 H]ws|®= Hojd ﬂ}%
AS 4 Aot T3, sEA7]= b BQest AL A= X AA =ct

1 HE
I ofEIA syt op|Elx gl EAKDE AlGlojA{2](NLP)o]A A& Belojo), chpe
AE FmAR AM SHi(pre-train)e £ 5. At Tl BA3 Sat dlole) Mloe
n}ol £y(fine-tune)st WAO2 AT ik EaNAmUo] A G Y o
o 10009} 7j7t Ei mfetulel sbal A0 BHE Sashe slo] shsshct

AFE U ok ONN 7IM ob|IAZE 252 020 st R0I NLP dolel 43
=
=

Skl = % éﬁs g3 Eﬂﬁﬂo}ﬂi O}OD‘Ur

0471*1% LPOﬂH EffARHO 3 ARo] Atste #F EMHARW S 7hsed &4
2dTez ojnjxlo Ay HEstAT. ol s, onAE A2 RS2 Uie H. o] mjA]
=9 Al e AlHAS ERAROO] et ojm oJu]X] XS NLPOJAQ] &

crol)d2 susi AFHct.
]

ViT: CNNo] ®EAM oz 71x|1 9l A& WaHinductive bias)(c]]: B3] o|% S7}4
oyt maA)ol B&sH] o, F2et 4o HolE glo] st52 de dutet 5ol 2o
A 2 QY. o] ImageNetat 22 53F 29 glojgAloA st5d 749, ResNetHtt H

R
479 YREUL HolFOR Y 4 Yt

E Lo
AgF Vi % ‘11 < dlolEA(1,4009~3

Lt
=
J

. Hlo]E{7t A

e
g
©
A
=
e,
=
5
Ufi
i)
[

2. %4 A+

o|ujA]E Hidor Axn offldg Tash Ay, B "Ao] o i TAlo] RoE
71 &ofof stoz, A4E v]&o] HA o] Ao v|5HA ﬂoi, AR O]A] At wetA] o]
U] AMjofA EfHARTE A E5H7] Qsl], o2 7HA] AP W (approximation)o] Al &=
Att. o E =°], Parmar et al. AAAQl of&lldo] opd, 7+ #H2| Ao tfs] 44 A
(local neighborhood)o]Aut A= oj&lMdS ALtk o]g|dt =4 multi-head WA A
o =252 ¥/da(convolution)E &AHs] OiAIE 4 Aot o4& AILQS=&, Sparse

Axm of

Transformer?} ¢lo0j, ol Ao Alxm & 7btsotAl THE7] Yst SAF 7RIS



ARgsto] ojnjxjo] AEH 4 JAeF sith ofldS Mz tE 37|9 S5(block) T =
AgstAY S2AR Feole st F(axis)oflA] = A&ste YHE Ao ol
S51E ofeld op|HA S AHEE A A SUH ABe v
Zlolq Eexos 2Hsty] YsiHE BAE x| UolYo] Wesit

Cordonnier et al. 232 A o]O|X|o|A] 2x2 Z7]9] TR st 5], 2 9o AWA
o] Mo ofEllM(full self-attention)2 ALs51Y . o] E2 ViTe UL SASHK|TH ViTE
OAE AP S50 Qubdel(uidel) AR E AN CNNI eIt o2 Soper
T ASS BoEts oA o Yot Zat2 & 4 9t} Eoh, Cordonnier et al. 2R
ox7 mAC] AL WA 27]9re Abgetr] TjRo] welo] AsjAE olujxojer Ag Ths
e, ViTe 331 sid = oJuXI7HA = A 4 ot

2
0
2

ol % xR, StESO] 7ha:

0
i
b

N

2

3Hd EAARY

Transformer Encoder

L x e

Vision Transformer (ViT)

Transformer Encoder

\ |
- S OOO DD D08
[

* Extra learnable
Linear Projection of Flattened Patches ]

Multi-Head
Attention

[class] embedding

SEE I N R A
i o o ——— 5 O
“ﬁﬂ Embedded

Patches

Figure 1: Model overview. We split an image into fixed-size patches, linearly embed each of them,
add position embeddings, and feed the resulting sequence of vectors to a standard Transformer
encoder. In order to perform classification, we use the standard approach of adding an extra learnable
“classification token” to the sequence. The illustration of the Transformer encoder was inspired by
Vaswani et al. (2017).

Do) e O™ 1o YERY ot EARU = 1AM EF U A|HAS Qelog v
ooz, 2x OJujR|E 1At EF fEje  X2|sto{of gttt o]E s, olu]A]
ze " g Pesld oY WASY NP2 o,cn' 02 wEsch oA (@)
LR ool sigmol, Ot AP & (PP)= 7 ojuAl mAle] shiwolt.
N=HW/P*e AEE BR19 22, ol EdMxmoie] AUAQl U AUA Bol2 AHG
Ao, EFAmOE RE AZA QA AR WY 27 DS AIEsD
st 5§ st 7Hssh A FY(A 1)E ol DRIY o2 mfgsict o] £¢o] & x| Uy
d(patch embeddings)o]2til shct.

BERT(Bidirectional Encoder Representation from Tranformers)?] [class] EZ1} SAf

57, ViTe Qg x| AlEA ool sy 7hset AW (z) =24, )S F7SITH EWA

no] Qarie] 2o o] Qagel AEl(z))E oln|x| ®F y(Bq. 92 AMRSTH APH o
21} 0l ZA(fine-tuning) RFo|A], B2 & =(classification head)?} zjol AZA=c} s
& == AMA st Alofle sty 2433 715 MLPR, 0| 24 Ald= 9 Ay AS
o

At
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20 = [T uussi T B 32 E ;.5z) B+ E,,,, EER<P2O)XD,EPOSER(‘H”XD (1)
2, =MSA(LN(z,_ )+ z,_,, 1=1,2,...,L (2)
z,=MLP(LN(z"))+2';, 1=1,2,....L (3)
y= LN(z}) (4)
i x] Aol AR AHPS F7I6to] YA AEE HEIT. 2D YA WP AREH=
‘45 Tl IR ool BE S5 Thsth 1AMY YAl AH|DE AjESHITE o= A AdH
AW HE AlHAE= QIFT el YHor AREHT)
* o5 7hs(learnable) ¥A|] AWF: Ul FHF2 Hwx)o= ’ﬂs&ﬂﬂ st Aol
A HlolEfoll SHA] RFET. ol A (of: ARRI/ZARRD oF4 7IEh) YA dugy} o=t
EdAnD JAIfEe tF dl& Ao offlid(MSA) E5(A 2)2F MLP %%(*4 3)o] wiZof
7t Al 22 o]foA . 2t &5 o= Layernorm(LN)o] HEEH, 72t &5 F O
+ AMRP Aol F7HE ojgigh IS Al (1)~(4)of] YERH ST

EfARD AIH} MLP(ER) =] 2= 7H5A|7L sAlo] Ao EE]=
= d-to-end) ¥Alo g o]2ojXitt & EAWMARH Q1FFL MLP Head9 ©
%ﬂ% S 49 Yol g2t JATME Foll Ao ddlo]Ed”. o]z Qs = A

"

A ojojx|et A elojge] WAS MR} shsetct,
R aH(Forward Pass)
]D] ] J-LHKIE —.—O]‘Q(ﬂ O]Hﬂ‘ﬂﬂ Sl)—/]/:\’] %}m]‘:o—ljil- [ClaSS] E%o] 7—<7l-ﬂ|:4- O] }\]%

(Do A e || )
N
erg{)ﬁq

7t ESARY AIFGES Eust, opR|9 [class] E2 WE 7L olu]x] A S Cjmst=
A WE2 x&9ch o] WEsL MLP Headol] 2iEo] &% 2§ Aus &gt
2. 9dnK(Backpropagation) ¥ 715 X] 4do]E
& Auet UA FE dloleS vlusty &4 d4F Adst, Aitd &4 VIEeR o
XMzt 8=t MLP Head® 7F&ER|o|4] AlAtsl, ERHARD Q13O ZF AZ(HEFE o
B4, MLP, LayerNorm S| BE ulatolglo] tfs] Tt ET} AAte 1, & A5} o1

e]zo] 7 metulE|(7}EA], Hlolol~ S)E YHlolEsttt.
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TST(Time Series Transformer):
“A Transformer-Based Framework for Multivariate Time
Series Representation Learning”

Qo EMAED] v me|igas ol8er sk AAYe wAw

B |
(unsupervised representation learning)2 A|QFstct. AR shSE wdElo 31 B= o,

o7} NLP gololA 42l 4BY 4 AND 58 29 F sl wAE AHsES ol A
LN o C
o ‘__ -

odol= malst uhWS srasi Effiaxnn 2ol HE S ol
Ad(multi-headed attention) HAYES 7|9te = stH, o] HAHYEL o2 7HX| st &

S Asste] ERHARDZE AJAE Hlojelof] &3] A sty
NLP ZofollAl Efiaxmn] wHlo] v|X|e AMAEES Fol 42 ARl Aug 42 A
& 2 Oe detdor AE Vhseh YHE(Z

)
)
s
|u
fjo
N
=
e
ol
ol
8,
2
o,
o
cE
rf
rlo
o
1%
L oo
Ja
)

=
TOo|A(LE TA]Y, autoregressive
7

s S0 Edcmn RAZS A SSAA, O AAIEY DA HH 2d(dense

vector representations)S FE3SHch o|ZA AMA stGH wdle o]g 3|9, BR, ZAEX]
87k o5 5 Choe heAEY Ao] HEE 4 QbR A7t EdALD] malo] he
Aletd 9] shs AZ(eH 7] £F)teg® BE 7]E SOTA 2381 AIdS 253 U
S7H 4 Q8-S WA HIAE shao] FIbAQl by fole AT e AbRetx] I o
HY AAEY &7 o o] A<olct mat,

_15_



TPUGIA oiRolA 2 Zol A Abgstsol Basichs Aubsel AN ge), 2 7ol @
A2 Ao) 24T sl Hejuleeke AEsIo, CPUME AR oE sgol shssint.

2 B A7

2 g7: EWAZOY S 4 HYA AYRA ARG-0i7L oK} Baghol
TR T, WA E APEsHEo] Jhsste ozte) AgRto R chodt e AEY Ao 4
A AMET & Yt YN Qurslets 2 BE2 A ol BERT/F W9 ndg )
A& sk 7Iure] WE meYeae Agstol, NLP Ropox EAmoje] AujxQl xS
YT YA fASI

3 A9t YA (Time Series Transformer)
3.1 7]¥t =

|m
)
[ >
H
2
O,
kU
i
rEl
jo
>
ofo
o
ki
)

2o BEe ALgstA] g Zlolch

g 1o uet Qlot of7]A s o] =

St l
o] o]4bA el Ho] QlEla AHAT} opd ch¥isk AA dlolejel SHECE G WA Al
2 Aorgict

2 8% B mylY WMAR olRolA o7t wel ch Aol o)y wlel 54
ME g,c R0 AUAS AU XER U =lzz, o,). 4 WE o7} WA Fat

2 =4
Y F EWAED 9 ARA 24 EHQWHOR 2 AUoln $2)9 AU d-A}
2]

A7|M, W,ER" ", bER'E 8% M5 mejolEolL, u,ER (1=0...,0w)E 22 ¢l
Hgjolct. o] W52 NLP E

oote SiY RS FAA F, AL oy AS9 He, 7], Wast Ak
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X € R™: model estimate
A A

z, € R%: representation at t

i & B [ Z zZ; Zys

% Z2 Zy Transformer Encoder

Transformer Encoder
A A A
Input encoding [ Input encoding }
'/ = 3 ey : — — — —
+ | Positional Encoding ] Xy
d

L1 u; u; €R u,, L L] L] n

\_ 4 s A ol | | [ ]
¢ | I

ty t; t,
X %X X:€ R™: masked input %,

X1 x x.€ R™ Xy

Figure 1: Left: Generic model architecture, common to all tasks. The feature vector x; at each time
step ¢ is linearly projected to a vector uy of the same dimensionality d as the internal representation
vectors of the model and is fed to the first self-attention layer to form the keys, queries and values
after adding a positional encoding. Right: Training setup of the unsupervised pre-training task.
We mask a proportion r of each variable sequence in the input independently, such that across each
variable, time segments of mean length /,,, are masked, each followed by an unmasked segment
of mean length [, = l;Tlm. Using a linear layer on top of the final vector representations zg, at
each time step the model tries to predict the full, uncorrupted input vectors x¢; however, only the

predictions on the masked values are considered in the Mean Squared Error loss.
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<ol 2ojo] gteH(layer normalization)E AF&5I0, o]= Vaswani 5(2017)0] A3 At
gt ZAY vlx] ZdteH(batch normalization)®th et 45 = 7PAKH. TZAT,
Aol A= tial YRl s AREST. L ol G HIA] et AIAIE dlolEolA &
& & A ol R|(outlier) wo] T2 &I 4 7] ©iEoly, ol2fg A= NLPY
MM TASHA] =t ETH NLPoA BiR] Fete] Fe Hde2 F2 S 4

A o] AR HE/d HEo= A Q. §1H, of7|A &
A

S[23
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“Energy-Based Transformers are Scalable Learners and
Thinkers”

QI7to]l AJAEN 2 AFil(System 2 Thinking)
RS VIE AdHE2 # UK
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X1 x;—~ RNN X1 %5

*2 ' X2 2
e X— RNN X Xt+1 Xe  Xp41
' {
. E
Feed 1 RNN Diffusion nergy
Forward ' Transf Based
Transformer L RII]N ranstormer Transformer
! i
Xpidl Xerq Noise(&¢+1) Energy(%;+1)
(a) AR Transformer (b) RNN (c) Diffusion Transformer (d) EBT

Existing Autoregressive Approaches

Figure 1: Autoregressive Architecture Comparison. (a) Autoregressive (AR) Transformer is the
most common, with (b) RNNs becoming more popular recently [22, 23]. (c) Diffusion Transform-
ers [26] (which are often bidirectional but can also be autoregressive) are the most similar to EBT,
being able to dynamically allocate computation during inference, but predict the noise rather than the
energy [27, 28]. Consequently, diffusion models cannot give unnormalized likelihood estimates at
each step of the thinking process, and are not trained as explicit verifiers, unlike EBTs.

Table 1: Architectures and Cognitive Facets. For each prediction, Feed Forward (FF) Transformers
and RNNs generally” have a finite amount of computation. While diffusion models have potentially
more computation during inference by increasing the number of denoising steps, they do not learn
to explicitly verify or estimate uncertainty for predictions. EBMs can use a dynamic amount of
computation during inference by iterating for any number of steps, and give an energy scalar that can
be used to evaluate uncertainty and verify the strength of predictions.

Architecture Dynamic Compute Modeling Prediction
Allocation (Facet 1) Uncertainty (Facet 2)  Verification (Facet 3)

FF Transformers X X X

RNNs X X X

Diffusion Transformers v X X

EBTs v
F49 3: oF9 AF5- A4t AHe g0y A REY Qo:, sutAQl AbdE oF
2 7Zsle LHoRNEE 2 ojge drrh o] 5L A ALS WEA T A 4
e =y A4S Yei+= ¢ A [ o
2t Abnol 8
w A0

)

30 flo ri
i)
|o

L

o) We ouAl: ke 3YL oJuidtch I3 kg, AL wHe 29l £7] oFA

AAtstol, ouAlS HAL Hlastet WAoE o532 wgKoz AAS Ut Aoz Ao

Hck(Figure 3). 358l oAl AHe Akshe o] WAle ApIAA A AR B
e 2}

sttt (Facet 1) 7} o
ALDE 4 9lth T3 AbnO| 2t G
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stol, @ix] £Mat o5 Aole] 84 Uehfe ouixg E™ch o] duAl: HRss

A4 moa(Facet 2)1t o] 5 7% (Facet 3)2 X5A 02 128 Figure 3).

Context
The dog caught the

High Energy t

Predictions (Low Compatibility)

Step 0

AR A

Step 1
ANt

\ Low Energy |
... Converged v\ (High Compatibility)
8¢ g i g Continue Thinking Process until Energy Convergence

8

Figure 3: Thinking Process Visualization. A learned energy landscape and its optimization
through gradient descent, interpreted as a thinking process. In this example, the model predicts a
distribution over text tokens, progressively shifting from an initial random distribution toward the
target distribution. At each step, the EBM assigns an energy scalar indicating how compatible the
current prediction is with the context, visualized as the landscape’s height (Facet 3). This scalar’s
convergence allows the model to determine whether the prediction is adequate or if further thinking
is necessary. Uncertainty (Facet 2) can be represented by landscapes that are harder to optimize or by
landscapes with many local minima, allowing the model to know when it requires more steps to think
(Facet 1). Adapted from [57].
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Language Models: TextGrad®?} Agentic Al2] O]2j

#A]: LLM(Large Language Model)2 A} Al Zofol|A 7P & Hils &1 ot 12
LLMZ &85t oo]"E AlQ] 7jdoe B2 =33 7[Zo|1 Qlrf. o]2|gt R

T A TS ARG A WA= LLMo] A3t Apedo] medls o
BlS 7N4dshe TextGradehs W& Z A Iolct. ol st AFdolA AdE Ale K}E
2| Xstg 7hsstA siEch 1ela, & HJ A A= SLM(Small Language Models)o] 4

ot A2 W glo] vhsAlog 2345ts ofo]dE Al 7iEof 2 HFdS "KJOPE%
%, SLMo| ofo]g A|A8lo] wr2 HEoN F23 de= Aoy, 22Aeg ¢ AYs
1, gaxoz o FAAol7] mio] oo]de AlQ] vjefjeti 735t

ZARLR:
M. Yuksekgonul et al., “Optimizing generative Al by backprpagating lenguage model
feedback,” Nature, Vol. 639, pp. 609-616, March 2025.

M. Yuksekgonul et al., “TextGrad: Automatoc ‘Differentiation” via Text,”
https://doi.org/10.48550/arXiv.2406.07496

P. Belcak et al., “Small Language Models are the Furture of Agentic AlL”
https://doi.org/10.48550/arXiv.2506.02153
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TextGrad: “Optimizing generative Al by backpropagating

language model feedback”
M. Yuksekgonul et al., Nature, Vol. 639, pp. 609-616, March 2025.

QoF: 2|2 AI9] A2 AM dIFlolut AlgeolE et T2 53 =5 ofYel, ofg o
D Qo] BHE(LLM)E ZR&shs AlARl o5 A4 o FEEaL QI X|G7FA] o]2{gt A]A
H2 22 =ud A7t AR AAlstl §elAE"S Sl 2R 0] fton, Atsgow A
SIE Al REthe o] UA 7h&ste] 2 BAIR Jof QIdth Q1 Aol W E3t 117
of v]&gt FpAjo] AHsPoLy, AXme AbE 0|9 Ao ® E|AMSPIF AbEStEHA i
wobe I/ Hwesith, oot FARSHA, LLMo] Aj/dst mEdls AXmsto] Al A|ARLS 741
oli= TextGradeb= H8 Z AT S AT[SHT TextGrade Atdo] mEdl3 2H85fo] A
AEI0] ojm HHo|E H|THcritique)ut 7RAl Ao 2disto 24, Crokst AMlofA AMAE
Al A|AHIO] ALz 2| A LS 7H5oHA §hot TextGrads #HalAteb QR|Uojrt FgFao] ubry

& AP Al AARS 2 ALY 2 e St
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l

-

4>

1 A&

Ot ¢do] RE(LLM)S Al IS A5 (Al Al&E0] LHEE YAS #IgHA]7]L 9l
ot FA Al 38§ =23 d o 23 AlAH el AHsstn, LLM 79k ofo] M EofA]
AledflolEy <« A Rl 22 58 = o o]277HA] of2] Fust 7 a4
gttt o =01, LLMSo° A 5141 71(symbolic solver)Qt A oAt-&sh= AJAH]
ol £FEO] 23 FAE EF 4 Qlon, LLMo] A <llixlat 3E &) E%E %}%O}L NES
ElS 0|7} 7AY ugﬁeﬂtﬂ

ln
N
fol
bl

U2 Aato|tt. whebA] LLM% 83t 5 A|2H]
A= Ats FAE du2EE /fYshe Aol 7MY Zash A & sholtt

Ad 169 &Qt Al9] ®©2 =2 AlFYy ol 7hsst zAsH(differentiable
optimization)o] 9J&sl g}, AlFYe 4 2452 FF A 22 U 7tEd das
=2 &0l J= Argstth. o2tN Zb i aE 245 ZHlE IAE & e UEE AlE
e AR 718718 JRnE YAlo g 7F A4 @40 AGshe Zo] Al REZ SF56h= AL
Axe]e Wejoldot. T2t e o 7bs g
7 AEohA] ob=th. o]2{gt AARIR FF Apdo] ASArE, ZHErA SEjO] LM, E+
E =A=2 xoshy] iwo AN 7|75 AR 7 of 7] giwolt.

o] }AE siZAst7| Holl, AAEE E3t AbF ‘O]’ F £3ok= TextGrads AJHSCH Al
Aol £A w2 ol AFch= BHH, G Al A|ARI2 BIAE, JE, o|u]X|9}F 2+ WY
dlole 2 4s AM&stt}. TextGradofAl«= ZF Al A|ARIS Al4E TJefjmz WHetsto], 1 7
QA4Eo0] olzist FR3 H|FY W4E BAMRIEA] Ul 7oAl %) 42 Sl
FUFE R Sot of7]A O]R S 2/A 08 ARESIH, LLMo] ZF Hi4pgs oj@r Asfof

= [¢]

_24_



Yooz ZafdbA APIRLE ST
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GPrompt___be improved by...” dLoss  _ “this response can
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Critically go through reasoning steps, and
see if the prediction could be incorrect.”)
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Small Language Models are the Future of Agentic Al
P. Belcak et al., https://doi.org/10.48550/arXiv.2506.02153
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Aol olF(agentic) AARS FRITE o AARlAL EHOR SIME Aot
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Example Control Flow: Example Control Flow:
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Figure 1: An illustration of agentic systems with different modes of agency. Left: Language model
agency. The language model acts both as the HCI and the orchestrator of tool calls to carry out a
task. Right: Code agency. The language model fills the role of the HCI (optionally) while a dedicated
controller code orchestrates all interactions.
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Al ool EL ZsbA AT 9xoli £8F ¢lo] 2o AoEglo|2, BANOR AR
-ZFE QEimo A0 £7 MEl 52 ZEolH, Sl BB AL 28F AYL 43
gck ol2igt WolA, AT WS ZEF MAY oHE oo R A2 AT
ngmee Jush) 589 AGAE Bl 5o, wa bR WO v1e W99 3 QY A
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_32_
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o] 7HX] & %&](JSON/XML/Python E—_r’- 3%, XML/YAML/Markdown/Latex &
ouj, ooldE ojEeAlold AACNA ATHE Aal shto] FAlw
o] Wiz 2t ©FE o, ofo]HE AJAE9] "HE R0 7]

ENstH =k =St

Sh= FAT g Aoz sk A2 uidAlsHA] odtt. o] IjFo), = & ©d FA
=y 70*7<1]3}71‘—} Au]g9] F7F oRRIF Y-S Fol A2l (encouraged) SLMo| Al ofjo]H E
a }\1

3.6 o]o]XEl A|AEIS
A6: Oo|XE A|ARIR ALRE|E= Wl MBI FAIXOog o]Al/d(heterogeneity)2 5183l
o}, o] V2 #A 9 dx|3
Aol well XAI7F ohE o] o]
o] 3&7t o} »d S %‘
I 194 Bojxln. &
45 Fdshs Aol SLM CdE A AtAA 2 wyo|nt 1%1 1- %%91 aL.
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Class Imbalance ©|o|E|9] st& v
R 71AES rEEL, i’_/\}é,%(Supemsed Learnlng)_l tjAto] H+= o

a3
ok 2gA. Be BE BAY A 24
A &

=
=
O‘O'Il 01 5 LA 7171143 o

ZALRR:

- S. Rezvani and X. Wang, “A Broad Review on Class Imbalance Learning
Techniques,” Applied Soft Computing, vol. 143, 2023.

- N. Chawla et al., “SMOTE: Synthetic Minority Over-sampling Technoques,” ]J.
Artificial Intelligence Reserach, vol. 16, 2002.

Qo B9 otg Al HUAA] 2L ZROA ORI Stg s g
g g2 Ay 71 ™ol o2t HlolH =2 2E
= &9 &% raw HolHE HET sta

)
N
)1

o7IM= HolH(Zdr) =43 Stet ¥Hd #AE oFRe 7IE 71dHE
(classification) ZAyt 3] H(regression) &F?j% Aoz T
w43 o5 7IYo gist 27 AAE Al 7] E3FE Ukeo] A
(Data Pre-Processing), (2) ¥12]& L& (Algorithmic Structures), (3
(Hybrid Techniques).

J14o] AT BAe =ojsty, @Y HloleAe] BEoN WA
stol. ol A% A AN AR £ W2 PUEE RO ooz, Y
o] Hofo] ATS EAIsly] s 2P HolH S BEI oty LualE A7olA AT W
9ROl 5801 T 4 Sk £7 BAE AN

0% Hob of N

I~ 1
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dlolefAle] #R(classification)= 7[AlstE 7l&°l t&f= £2 A 5 styoldh. &
glojgAlolgt, st A0 &5h= G0l MEY 271 thE FU A0 Aﬁ}% dlole A
492 ouigt o 49 MF 47 we 2ArE ob s

(majority class), AHZ ’\7} Ao Zaj
A4 ZIA(minority class)ztil
a3 12 2RFd FRHolA 9] oflA]
EH/\(lq-E}}\H E’—EHA)_] I\H-‘J—
SR Fefa )T Z
S HON &6, JEY S 22
oiARe] YEYIZ of2ojxl
A tlolE] 71840 A&Aow
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Az olalt AR EReiFL 9l
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I 25 200993 EH  2021A7FA]  Information Science, Knowledge-Based Systems,
Neural Networks, Applied Soft Computing, Expert Systems with Applications,
Neurocomputing A4 7§ A'do]X E+% HolH9| stg FAlR wWad =79 FAQ
dl, 2+% Holg stg ZofillA Erd =29 27F wol 97 57Fstal it o] #ot9
w2 Ao whet, J—Wﬂ AAO] gloly &+ wA19 staol #d d4Ls FAstAl E7t

slut Aol &F A7E s WaAo|h

N @ ®

e 9o o
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T T
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Number of publicationa
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Fig. 2. Published papers on imbalanced domains.

279 25 2A1Z Ashs] 5 Cgdt SVM W JuSel o] itk 23% 2E 24
of Tt o] 2JH =20 ZAISA|GH SVMS FA0E BRY PR BAE AsNo= O
2 2HE opy g AgolnE, o7l SUME Fios 2 s NS Ut 2%
A9l &AM Sta, 2 1ol AR G gotRch 23d doledl e £a ol2g
i} 718) A Rtk £ ARRe thet 2t

(1) 2579 317 A clolel 239 2A1S A2sls PuSol s dyer

(2) 22 229 o 7ol gfat 5 AA(taxonomy)S Atatct
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(3) 2 979 279 35 7wl et FWEe ot
(4) 239 3% BololAo) Fa slslet B3 wAIE Zastel, ¥5 L LuelE AT W

True Class
P n

2 |
@ I ]
O 4 I True False Precision
- ositiv Positive
o | !
N I
7]
o
<
° = Falsej True
2 Negative | Negative |
€L ! v

Recall False Alarm

ox,

= X179 7)¥r Ata2 ¢ JYUXYE &=s§H(Confusion Matrix)2
Z= Astg (predictive accuracy)s ZeA 243 dolg

3 A3 AlEolck. oS Sol, thp 2eATL 9%, 24 B4
19%9] ‘ﬂ%% ZhEnal 7Hgstal, qhoF An Aol MEo] sti= ZFHtEA FREA oY
2, ol & Fges 99%0|tt. SHAITE S+3 dlolgAloA el FQ WA= A5 A AME
= A&s] "Alste Add, a4 A= AEETt
‘ 0%olct.
09 r ]
=08 1745 B7Ie digte=z Abgste WH2 50|k
Zort 1 (Specificity)?} 917 (Sensivity)-47]-&(Recall)-2]
gost 171518 wt= Abgshe Wolth. o] Al&e pein 27
129 glolE] 4 B@go] FFS WA et
2 04 {1 TN TP
§0.3_ | Specificity = TNTFP Sensitivity = Nt TP
;0.2- 1 G— Mean = +/Specificity < Sensitivity
0.1
o v ” " o 1ROC(Receiver Operating Characteristic)= Als
False positive rate (1-Specificity) A&7)0|A A& &5(Detection Probability)yt @&
Bl IOC s A8 g&(False Alarm Rate) Ato]o] o]g ujurAd

(Trade-Off) S YERHZ] #I5to] AREE WRiQlEl, o] ®go] 7[AShs =okllM /719 74
52 HojF1 vlusty] sto] AEE T o] Y2 TPR(=Sensitivity)2} FPRE 750,
2Rt gHof| Fig. 49 o] 2zg J2=H], p n 229 Hojy & 2ol L=
WA =t} ROCo|A AUC(Area Under Curve)s =7Jsto] stue] £R|2 d5& H7tst
+ A= &2 Yoo

P FP
TPR= TP+ FN FPR= FP+ TN
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4. tolg 2743 842 xa]sty] st ndla] Ak
v EHQloA o 22 AE5T o &‘038}711 e et =8 #AIE siEsH] Y
3 AtREE= oy MAFEQ rr2o] A VK] 2Q HZzg BEsigich

(1) dio]g A X|2] (Data Pre-processing)
(2) €a18]& L& (Algorithmic structures)
(3) stolBE]l= 7|'¥ (Hybrid techniques)

4.1. glolg AAY
golg dAe] 7|9
2N BE dieE

(1) doly #x5 &4 4(loss function)?t AZsH:= 22 ofdH. sty 71E9 4
ol x2S A& M2 Fx2 3| W (mapping)st= 2ol YA &7] WiZoltt

2) 27] €252 ARAPE Alset B, & ofF ZL7 A(F) 2L ARE 7
HJEE 6}7101], EE 3*57‘01 A Qe dolHUAl =2 ofF Zio] 'normal vs

AH %(synthehc sample)O M sH= Z1o] ofjEct.

4 =3

(4) &8 AES 48 o, 24 A2 Zx(target value)2 + HMEY =1 W o
7t Beoz AitEnz, 4 AEY s HAaye AEsH 24ste A2 ¥
4.1.1. 7 A9 dolg "X

(i) A AMEY: B SJ(re-sampling) 7|YE2 WHFE HASH/AEE S, 228
duE. ol 22d YA, Ast dalgE 5 ot AFe Rte R AAEo 9l
AUEEZ LHAEEZ L o8 225 £74sh] sl ALH= &8 MEdst 7|He=
A, ZbzZE dHolgAl W 54 229 JdFHe EolAY =ol. AAY eRF HlE
(misclassification cost)oll HstlAl ohth. b FeL9] MEe ddAdEde= A7 st
Hedde e 4 A g, HEF esAEge] Y THsde =0l del #7
A FL2 € 4 Aok HAEY/AdudEE 2 2L 2dd 2AES Ask] A A
et 71 HAEYHS F7HA At blgo] ol 9, dudEFeR de 45

A=310 dj7](bagging)o|lt BRF(Balanced Random Forest) Z& otits st&a 2
of, golejMo} Exs xyste o AFSHT. FAYL MBS HEsts e BabAQ)
A ARG, LHAEH/ATHAED 7Y T ApA|7F g=st 7

CAuET e A slvtos 2aE & 9tk oleld JMEL e

E T
lo
Hu
oy
o >
wor
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(¢]

ook

rozm oy 2eAS AUAA LurEsleE FFol Uk w3 iR e clolelA

£ A= GO

= 0= 9 AlRF 227 gwoh

=0d GolEAe APAMEHM &7 A=t Holy Fxo d4d2 HF7] HsiMe
A3t &y 2]&(Evolutionary Algorithms)& AFEE 4 Q. o] 7|¥He ZA2 M2 A
& Fa(fitness function)E A-&5to], S+% GlolHAl A|E sidst= At 7|¥t =2 &
Bt AE due|E&S AAshHs Aol

(i) dolg g4 24 2 200A *HE$ dlol8E 2/dst=(synthesize) WAlo =2 HolH
EFZ olastt. M2 doly 42 92 74 ojda ZHRAL Y, o) a4 AME
o] a5 tlojEfof] BhESiA Zetd Fe WAst: AT YA F4. euAlZEgor 24

7] 2o gwiet 520 .

dlolg &4 7M. A & KR 2ge=®E yRoith ZIE AE (Y HIt
(interpolation) ¥4, &8 #7} 52 W3 (perturbation) ¥,

H7tE  AlgstE Oim e SMOTE(Synthetic Minority Over-sampling
Technique)o|t}. o] v Hl&3}t sk giolg Z7]E 7H o8] golgAl
oA Aol Ed=t, & QHAIESH I} T 2 A0 gigt ATAELS
Agsto] &gt

ol ok

Jef} SMOTE ¢malEole ohew 2o ool EAstol, cioket Wiy 71WSo] 544
A =gk

(1) SMOTES =8¢ o]% ®i o[Hd| Weo| A2t /2] 20| Basg

(2) SMOTE: 912 37t9] 57 JojoAet Aoz Agd & 9.

(i) A28 ¥4 MMEY(Adaptive Synthetic Sampling): thp FA= T2 §X|SHHA]
A2 Zaiao] Ois] wolR<7} E7bE 2R MZS MMt Aod 31 AR !

tEI Ut ¥ HolEAlo 2 RE wo]=7t RIbE of2] 7R9] st HoHAlS vl 4%
¢ 2 2P B2 Fde=i il FR/EA] A= Artekregularization) Y-S
AsZ 4= 9k

SMOTES T2 FHI2 A&sto] 54 A|oAt &4 BES AIT 4 o, o] YAl
g gl F8otAT olnff "£2 PA(good region)’] Aol= YeolA] ¢t o]
S ofiZst7] Yol oSt A=so] AAFHA. AR gy ZeA I FA Gl T
3G AFotal, ® O YHE2 5o o AEE Algsta i AGAol AFsitt
(iv) dlolg A 71¥H-& &8st WS A2 7|92 dolg ZAl(data cleaning) 7]
HE FolME 23T £ ot olgigt 7|HES £Q A2 wo|=7t Qe AEoly Zi
A 2 AR g9l e BEES Aoty AlAst:s Ao|tHA«TH). o] 7|HES ARHE
A Zo e R MEES AAFCZA HojHAl 7| Eoj51n A T
=

(v) 2928 7|9t AEF 7|H: 222 7lgE owAEJ(CBO:  Cluster-Based
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Oversampling) 7|®H % A|QtE|gi=0], o] CBO 7|¥H& A 7 ¥ ZYPA Y E4FS 5
Al M2]@d 4 lon, AH Z2{AE(sub-cluster)o] el WE < HEE

T2y o]2 sl ewm&(overfitting) wAI7F HAEYE 4 ot S AEY
2 ofolfolm o3l Q.

(vi) MBPT $Ago] B3 SMOTE 7|4e RAd 2 wgate ATt o] JjEe &
& 229 AZo d&ll oAE f/dstH, o A AME2 ategh Juts)
(over-generalization)2 QI8 FA|=Tt SHA|TE, A% 1
A SdFol AL 4L o] 7I¥E 535 A 2
mixture) AH83HE 2ol o g 4 9k,

4.1.2. 3] H(regression)=S ¢35t dolg A x|

w7 =AY dlole AX Y2 ot EAsHARE 2l A0 disiA s M2
tolg & Adstr] et W2 WAl 4t oY Ade 4% A (targeto] =)

l

43

8ot 7P wIvish 49 e 2wty 2AIE S551] Hsh ol % = #Ashks
grgol Alreglet. o ¥¥e SMOTE ¢uelss #4stel o A= AEd £ 2=
5 ordth. R S AEd oEshs 7IEY AT Fe, Qﬂi*ﬁé%%/‘ﬁti HEE A
He B HE AA 7Y 7IgoR Aeld £ otk 89 Aol SMOTES A&st7] #istof
SMOTES 473t 7]‘?;{ SMOTER % 9;1:} o]= SMOTEE 3|H Ao X&stof 33t
A5 wel o E

_|l>4|
o
Oll‘
o
otk
).4
0%
Ra)
N
I
)
PN‘
ﬂJlo
A=
+
52
0

314 Aol SMOTES A-&3517] sl s ZsloF & Al 71X &8 A& ta &2t
(1) oj" #H=3f(observations)o] A5t UREAIQL o] ARJK] OB AFT 4 U=717
|

[ S
- e duE2 steAP Aleet AR, & ofF ZA o] S AR o] it

) ATEEY EL QHMBYNY AN TH AT oY YT & QLI
- AR AES ] S 71 SMOTE 2uelal R4 A2 ¥4l Agsien,

(3) MEA 8% *% N IO FE WS P U A=T > A=

- AEE Y AEEY FE WS AE o2 AT AJdvto] HE Aot
4.2 412]% JLx(Algorithmic Structure)

dE A2 AP A2 EA4Y AE AYsh] Hol M2 du2ES HEAY 7IE
duESE A0k Yoo ol YHES O3 22 Ao At

(1) et 5371 2o ARACcR =y

(2) 23 olsfistr] BX o ot

SHAgH ohgat 22 TR E EXjghh

(1) 8]8 E£= 4] &-H(cost/cost-benefit) SFH0| Al FEA] L= F7F Yot
(2) tlolg] Ex2of A AAst dueE&E d=str] gt X|Ao] HQstr},

(3) 71& &5 HHy A Akgsthz] olFths AollA, AAe] 7IHat= REn
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(i) v]8& QU sh5(Cost-Sensitive Learning): AZ0] 715 XS Hojst= gfAloz d|E 17l

7F  &F&(cost-sensitive learning)g F3T 2 9tk go]gAl Ui oFE= dH|&

(misclassification cost)g 2ot O U2 stg 22 s AEY £ Qlty, W2 HFQ, 4

4 Zeja0) U8 MBS APEsiA] £ab- vjgo] UlY G0, oRE uge nesA 9

© wR/7ls 450l AstE i 20| Aol 2RQA "o

(ii) ololg F3F 7SR oot X3P BAH: FAF(boosting)2 of2f 7§} ofsti
g = U%OHH‘— HHHO]D} AdaBoosty= o2

d A2 0fXl(small margin)yt =& W3k high bias)g Xttt AdaBoos‘tE %335}01]
7 /“l(Welght update) 43—&}01] H] &(cost)z =Jstal, o] oA AMEEH 7HER] 7

Al

(iv) AFY 719t guelE: A4 7|eke] st 25718 54 49 £Fo=2 dHlE Tl
UAP(cost-sensitive) 0.2 HYPA]A E+F HlojH a5 &3 £ Aot &, o S92
=85 Frs 431 A FYaE g5 PR =osh

=3 o] ¥]g g4(cost function)s =4}
TS Eol7] AT A= A=At opx]gre
(Ensemble Learning) JA] 2¢3 wAlE siZst7] gt v]& gy =

72 A= oE URec] Ads] e BYdES HEes H2 o

T FIY AHS EYstd 2 g FAe Ade ZEsten Alegtth ol A

YAl 2o e ot 2ot

(1) &stAl #gZ olF= HlolE7l WFEA] & Aozt & 4 Qlot

(2) o] A2RloN MG eHAEY/AGAET vl&S 2517t ot

43.1. /S AT stojHIE 7Y

(i) MEESF s T 2 VAN G2 99 i ER7IE 28EeRA

Mg 27719 RS FIATIE Aoz & LA Qo SRt ol gEE SeTe
= 202 2vd 2AE E522 ST 4 Ao ol =AIE siEsh] A dE

shs gaelE 2AVE Zasit

&7] stojBE 7P ofF E2RVIE E¥TAL 1 ojE Yoz 2T 4 UEA

S At skt A7t 2 (mixture-of-experts) WA o AMYEF 71MS A=7t

zAJYaet 2dste= Aol FE wAOM aabdoletal JHgRttt. A4t stolHeE Ty
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& St F28Y dlojy AEdS 2¥eh Je=, RUSBoostzt =3 o] 7|2 t=
F 7 28 AAEE HAS et

() 24 22 AES U 2282 A2y A9 22 3717 HE=5 HAEd

(2) b5 2Hda AES 24 22 FARE 2712 ol AHBES

o] Y2 27t mdH3 oA ot He=2 AG/ulEdS 2Yst o R/
715 2¥ste 71¥S Adsict e dgAEdol eHllEdET o a8xd o AHA
U ol Fxof A& Hlgo]l AT taie LARA dds2 AASHAT

% 24 =9 HolHE A er st ddE sfs 7Ivol Aot o] ¥ &
4 AlEY dxd AgexE stod o 2da AEZ dachke ddio
(one-versus-others) 227|2 MASICH & -2 GAE k& 7191 eKISS (ensemble
knowledge for imbalance sample sets)= 7|2 B327]9] {Al2 ZAsIsto] & QAMAA
2 A N2 25718 AAdste HAolt. Bop BA0St 7l&o] AMRE 4% HIolHE

st =& B=27] JAFE 7|H(DCEID, a dynamic classifier ensemble technique for
imbalanced data)® AIQtE At o] 7|HE A= vl WY S5E ZYst E2+4Y

(o]
dlolEllo] ofgt $8 BR7] GAE WAL =Ysty

U] = §h|(counterexamples)E AMEsto] &7 FAAE H st 24g & 0+ oY
HEjo] o ZefA(one-class) 87171 £EX51X]9F, OCC(One-class classification)= 2=
: bzt gick o shge AEAY 25 BARC WY
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(2) =¢% Hlol" &AE *
diolg o] &8 7hseh &
7] 93] AAsH M&A2] 7]H

A
G

ol
)
N
19
o
r
2

We oS chegsict. stAlg BE 279
o ok JeA 22 dolEae o

d A 3 4 AEe] SR Y S8 ¥
wO = ARtEct mebd /g BEY S8 W S 274skes Jo] ot M A
AMIZo] B ¥ Zke II;-]}] A X SF Hol71?
(5) ti2 dolEdle FA=et A5 7FedS Eo1FAIU, SA0l HlolE] W] ofsh miH
At Aelste e Ay g

(6) ro]l=7} QU= HiolE™t &2
}j|

5] AstA] gded 2

Bet BASS ohes] st Ak sjAMe oheut Bk
o[e] AA|(Data Cleaning): A WACIA 7Pg 50 S9e TR 2R

1S o
fin)

(i) ¥ A wd(Deep Generative Models): VAE(Variational Auto-Encoder)t:
GAN(Generative Adversarial Network)y} Z-2 ©2id 7|8t AAd ndl2 4 OojE S
BEE & Ao VAEE HA& st Aoz, 137 A2 HojHE § 4&Fd A2 =2
Hebsto] g Ago] AEstal, gigE olF Sl ¥ o8& UEUE &35 /gt
1o glelat &9 dlole] 719 YHIAS AFststuA FAW
(i) A B AstS fet H= Y 71 AN SEHL A2isty] st

2 ol X oL of
wiord 42 o% ¢k

: .
(i) o= A4S A% WA FF(Fuzzy Set): wolxo| RPN g Fol7] U &
A Y F shbs HA WY ol Bolch & Sof A SVM(Fuzzy SVM)IAE 2}
Ao WA WHlA LS Rolstn, M2 O 4 AZo] A% A7 s A= e )
g sIEE SYME AYTICE o] JEe oYt U wolxs} e Hlole ZIAER A%
B4R 9FL Bolt o 8ol Hof, vAYRA] e £YL 1A clold EAEY} ng
g 58 ofo= My}

72. 22 239 A3ANY LuAF 7Y

279 JAoIHY ATYF FT AN FF APE AT ARL ey 2o}

(1) w0l =7k = clolelAe Hejsty] Ag Ciet Aol ojef J1gSo] EAJRICE oAl



+3] golEAloAe] B2 B of'A FA2|g Zlol7}?

StEAIACE &7t, of ® FIPAQI 7o) M Qstuh?

(6) ti+=2 dlolEgAloAe] ALt B FAle oABA AT AJ?
H =A== siEst] fst 2 7HA] Aok th2ak 2ok
i) olx aF7lA oE ZEUA E2R7IE Ak oF 2d2 2§ AN
One-vs-All(OVA, ddit}) Aol gdoide=z 1ttt g 2 o ole
ZF ZeiAantt oY 228 UHAIS L&ste o] 8}
(i) AA2 ¥ iR 2 AL 8878 Aol &= 4 7ol fa: fmrdshy
(Coordinate Descent)dt Z3AF sHt®(Gradient Descent)2 A4 244 -E

ek dagEoltt

-

2o

(i) 249 /5 ¢t vl& U o5 vE U 2Re AxY 250 disl A= &
H] 82 Hosith o] ZoA = H|L vzt AA Ez](Cost-sensitive decision trees)= 7}&F
W2 TS dopgt.
(iv) kolz 2p¥ GHlolHE tF7] g &4 59 24 249 Wt 29 FAF
(unbiased estimator)& 12fstil, wo|= zj#llo] Q1= Ho|F sloA FEA a8 =0igt
(empirical utility maximization)S st A% ZAAS =58 £ Jdot. E3h, wo|x Z2jd
stoA o] A Aast #AIE 7Hs 0-1 &4(weighted 0-1 loss)s AREshe w7 A=
Sk P2 2 Yt wRd tE oAl 4 #s

gAY 4 Aok ot FATN ag AA
(¢]

| S
(surrogate loss)g AFEY & JTh= Aoltt

(D dlelgAlS 7851 Asl A2t dd/ed MEd 5 %A 28T Ad1?
(2) TH7HE o ohefet 2o ois &bAQl A=Fe OB F-E & AST?

(3) ti++= diolEfAllof Mo ALE 5474 wAle oEA AT AA7t?

(4) Fo]=7t metd HlolEAlS ofgA X ZA7L?

(5) &% 22 dolgAloM 9 27 Al oEA siZ2E AUA7t?

olgist =AIEZ siAst’] #sll A&2](pre-processing) %
structure)9] AUPEZ AMEE £ Tk oA AGet BE AFE0] oA AeEtt
ofyel A8AQl & FHME U] Fast sHA upA|o|T.

g
.
=
iC)
My
-
P
D
0o
o
3.
5
2
(@]

8. 2&
© ZAAE 2dd oS 2o R VA 71 A2 2R sl Wil =9kt =

- 44 -



w3 HolE JAoAY BVt R oF RRYS Y5l of 7R FEeol 13y

)
g Io
k=)

)
H(regression)?t &2 (classification) AAS thato 7 or29ict. Esh, A B4Y s
7190l disll &7 Al7(taxonomy)E A|Qtst o, zF 7w 271o] 7|§tstal e &Y
g Aol mel ¥ 4 A sl BRY A2 ES $RE 0y Lok ol
Bl A X|2] (Data Preprocessing), &¢12]% L& (Algorithmic Structures), stolHz]&
7| (Hybrid Techniques)

otAto g, St dloly Fxof WAsH #¥d o2 ZAEES d¥ste, 13T A4

53 239 ClolEIR Aole] A P
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SMOTE: Synthetic Minority Over-sampling Technique

o o 7P Wol AFEEE 1Y SMOTEE &4 Z2iA HoJE &
2]
[e)

2 511 o4 A dolEt A MEUL skt Walolch

utHoz oih Fejaol ACiMEeo] A4 Fahao] ov) WBYRct T AWE Hol
Zex0) QUMEYS ME BAZ st o] ofUet AN T

g FstT, oih Frol ALWBYT WSote] F2 AWES BelFED

2 412 &E(SMOTE)Q] Pseudo-codes T2yt Zct.

i
=0
1 A4 ZeA WET MPRos wilshe WAos 44

Algorithm SMOTE(T, N, k)

Input: Number of minority class samples T'; Amount of SMOTE N%; Number of nearest
neighbors k

Qutput: (N/100) * T synthetic minority class samples

1. (% If N is less than 100%, randomize the minority class samples as only a random
percent of them will be SMOTEd. x)

2. if N <100

3. then Randomize the T" minority class samples

4. T = (N/100) * T

5. N =100

6. endif

7. N = (int)(N/100) (+ The amount of SMOTE is assumed to be in integral multiples of
100. *)

8. k= Number of nearest neighbors
9. numattrs = Number of attributes
10. Sample] ][ |: array for original minority class samples
11. newindex: keeps a count of number of synthetic samples generated, initialized to 0
12. Synthetic[ ][ ]: array for synthetic samples
(¥ Compute k nearest neighbors for each minority class sample only. x)
13. fori—1toT

14. Compute k nearest neighbors for i, and save the indices in the nnarray
15. Populate(V, i, nnarray)
16. endfor

Populate(N, i, nnarray) (* Function to generate the synthetic samples. *)
17. while N #0

18. Choose a random number between 1 and k, call it nn. This step chooses one of
the k nearest neighbors of 7.

19. for attr «— 1 to numatirs

20. Compute: dif = Sample[nnarray[nn]][attr] — Sampleli][attr]

21, Compute: gap = random number between 0 and 1

22. Syntheticlnewindez|[attr] = Sampleli|[attr] + gap = dif

23. endfor

24. newindex++

25. N=N-1

26. endwhile
27. return (x End of Populate. %)
End of Pseudo-Code.
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-4
A

At: LLM4ASR

A dFe 7Rl et olo] AX|
AE 9 23, met A &A=z Aol 4thA|

AR LLM] w]obd wEle ahstel
Al
=2 a o

Loy EAIAo] EAJStL, olH Wae= optm Qe

LLMo] sl AtofA 7 24,
AX o2/ g1 9oy
RS Am YA st

XA 2381 Z. Luo, Z. Yang, Z. Xu, W. Yang, and X. Du, “LLM4SR: A Survey on
Large Language Models for Scientific Research,” https://arxiv.org/abs/2501.04306

1 NE
AER Yt A7 WS WA KA F5. P AR, AH HA Y 53, colg 4
A% wM 24 A W ER AXR olRolf

ol2i3t Wet AP wol e ALES AlE: 44 Wl 24 9lo] Ytk A2 LLM(Large
Language Model)o] 8]ops Ao ojafel tloelg Hajstol, Aleio] B2 Ayst, =
e 2ROl et AYE ol2olAA s1EYT. old] LLMo] wat Aol 4dw 84 &
9 NSl 2A EYA §EE olTo 2 4 USS HolxEm k.

ox J

7] = LLMo] ojg| st A ap7 Avto] A& HEE| D QA5 U3 Zo] 4 ©7
2 PEstel Yuee &

@ J.}O”H 714 S8 (EA )(Smentlﬁc Hypothesis Discovery): £X1% A|Al3t A& go|lH=
st ofolcjol g Aet

=} (Experimental Planning and Implementation): A3 AA|S z]A st
i, AF WS A, 4F ololElg B4

g E

® 28t FA AHJ( Scientific Writing): A&7 APd, o A A2, wstEA xQt A
@ F= Z2AHPeer Review): =i AAb Abzetel @F &9l W AW HES &9 =v A

At |9

o ozt 7t ARo] At Fafo] "ot BES sttt 1 Ax, ALAER stolF Al
2 andos Ypo YT ANH F2

|1

=2
& hde gretn, W7k wys geln, LM
e FHSA STl 588

AL € —

@ or = _ =

Setentific Optimizing Automating | Citation Text Related Work Drafting and
—> Experiment — Research ——> Generation —» Generation —»  Writing o Peer

Hypothesis il |
Discovery Design §3.2 _Process §3.3 §4.2 §4.3 §4.4 Reviewing
§2 ’ Cxperiment Pl i 1 ation aper Writin
§ Exp &1 p Paper Writing §5
§3 §4
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2. Bt 7HE 53
2.1. 7la

LLMZ &3t st 7pd 8ol &9 olflof] EXjstY ¥l A9 28 & £719
71¥F &FA(LBD: Literature-Based-Discovery)®t HdY 3 =(Inductive Reasoning)s Af
T, LLMZ ol 83 YHE WPNL ENS, 5o AF, 52 SHRAS AHRc

& Ao

o

2.2. Xt w7
2.2.1. ¥7]¥F & A(LBD: Literature-Based-Discovery)
LDBY] 4] ige chedt gk “xAle BAEch et Udos AgE A4
o] =e|Alog HREO] QX AR AMEAL, RolX|AY, SiAEX] Agto™, 1 A|A 2
wAslx] oo Ale ol 9 & glrp,
- 3/ Kl Als AMsH A 2% Kl*ﬁ‘% A&Eshe Yol =4 apAol

]

FHE .

: Swanson- LBDJ KWO] FASE Aoy, o] "ABC" milo]2tyl it} o] Rt
Ae 7iE A<t 7iE C7F B4 3t Vi BY =wollAd e SAste 4%, At C7F A
= 7}Ao] Qlcky 7 stct

. Wang et al.: 7]& LBD W2 QIZF Wetxrt ofojtjo] & =&sh= 2golA L2ist= ™
=2 ZRYSHA] Fotd, 7HE THE 7He] A(pairwise) VARS o Fsh= o Algto]l ot
ol{3t HAIS =53t7] s LBDS Atqio] wHzfo] XEsto] Y S Adste A
M Al=S edsion, AEAQl LBDAY ©&s] #AS o&5sts 7o

1=

-

_‘Z
°
or

é
o?.:
)
Mo

; F et =S gt 2yh 7IE 2
28 0729 Atelatst 3 shel W VHE(EE /39 7HE0 Al ¢4S)0] LBD ¢

2.2.2. HE32(Inductive Reasoning)
WERLE Folo] 88 W2 w3l

& 4 ook FdREAA A/ A rule)o

ol
- -
)
52 O
rlr
in)

(4)

o2 o] HA/HAS St 5 o] 471X 7]E Q7 ARgro] oo Ze|dict. HEHYHS of
Astl § Y2 #AlS THE7] ol § B2 £ BAS AFEste AHAl AAl(self-refine) ®
He A= EJAIGH o] YAl dajxl X|Alo| AL wsh X[Alo] obd H Q= QIQict.

X
Yang et al: LLME 285to] 38 Wifo|Eo] FJuE svloR 1G5ty §8% AL
B 71 e AR

. Majumder et al., “go]g] 7]4t W7 (data-driven discovery)”: <4Aro] @ & 27| Algd
ol (¥ ER3t 8]/ AE dolf)g &8&sto] & It 7HES st o]

=

¢
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2.3 Development of Methods (WVHE 7

!

27} A% dloleo] ojnjs} FRs] motElx] Ioroni, & HlolE R YUE e Ajze Bt
R JHe WA 4 Qlrke Ho| 2AL

~

st JbY o] YHE Fo] £8 522 A4 WS otopu),

1=

By, o

Flu

2.3.1 £Q 3 E(Main Trajectory)?] siAl JL4 Q 4(Key Components)

29 A A /4 2 2. olg& A2 AfAls] AmEnt
7F ZAM M 2K(Strategy of Inspiration Retrieval)
med g5 (Feedback Modules): &AIA  ZAAF7|(Novelty Checker), EFEA  ZAA]
(Validity Checker), @&t AA17|(Clarity Checker)
Rt 2] & (Evolutionary Algorithm)

Z A7 &8 (Leverage of Multiple Inspiration)

o =
71 9] AA(Ranking of Hypothesis)
Ate AL AR LA (Automatic Research Question Construction)

7+ AM X 2K(Strategy of Inspiration Retrieval)
BD(Literature-Based-Discovery) 7J@of 2|3t ®IH
SciMON: 7]& X|Alo] HAZA=Z Af ARAl LA, SentenceBERTZ UH|Hsto] cosine

similarity2 & X]A1Q] 9oJu]& 8 -AMd(semantically similar)g Aropdict.

. ResearchAgent: "ABC" &3 dZAstA m=20] 7fg Jej= S FL&st=dl, o] 7ig e

. Scideator: 9J0]A UfAl(semantic scholar API &A1t 7§@ oA (2L F=A,

(]
=
. SciAgents: oJOj& T 9]
|

. SciPIP: oJojA oz S AFSH A|Al(SentenceBERT 7]¥h), 7@ == 2A8, J2]1 Q18 )
o o]R3Z Foll ¢S AAY. 3 JiE 35 U dAMoM F8sHA] 42 VEE 4

ZolA v g d2E de 94 igez Al

o
E [e]
o, I o 3k FHolM FARRE WES 2edShE =w)2 7Ivtez gdol He =

2.8 ZHAMsiC}.

v =2 a 1w

SHule BHY Uy

ERCERRE B
st A7k aae A

_,d

ofo 2
ol

ol

)

. MOOSE: A7 viA £ o] 9% 97 388 AFF 3, LLMolA A7 wjzo] g

Feedback Modules: A= 7Hdof dfst ZAld, Efg/d, getd ™o wiEAQl oo
iMoot FHAld FAR7 ](novelty checker), BN/ DAL |(validity checker), B AA|

22 $BE FoIA AP SteS Fck o] W 215t Wolo] A8 MOOSE-Chem

2 :
< AEetoh LLMO] Wig XA o]-&sll M= ofojrfofo
AEAA AEE/ZIHE 7R A gyS 57HE Zlolo

o]

)
:
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(clarity checker)z U0 A3ttt

- 41’4 BA71(Novelty Checker): A3/d% 71do] A4l/do]l B&551H feedbackC 2 Al
2 THAI7I= LLM 7]8F wsgoltt.

. MOOSE: Ad¥ 7142 ¥ 23 RALZ Foteitt

. Qi, ResearchAgent, AlScientist, MOOSE-Chem, VirSci: LLM W% %Al A7 285}
Hohatct.

- B34 ZAI(Validity Checker): A7d® 7Hd2
= gt/ sba wriolojop stk bAlo] UA| A
Lpetop sEAITE, ZF A" ZHdol dish ddE »%8s
7o) Amo2 LM Ei 7|e} g2l A% wdo] 52

- olQlof T}E YHe A e i) 2

. FunSearch: 48t 2Aof st code A4

. HypoGeniC, LLM-SR: /g€ 7} 7Pdo] thgh du/dS RAlIste Aol AEshs U

ojaje] =5 #A|o] 4.

[e]

- ey A (Clarity Checker): 44d 7bde Wakeh Aw AP A
5 Jate Aol k. 74

50| Hojof st=d], LLM2 && AlF Atgo] BE53t 7Md3 A8
= AL FAIgE 7leS shedl ¥ed medio] & :
. MOOSE, ResearchAgent, MOOSE-Chem, VirSci: LLM & H&tAo] djst A& H71=

L3t

R AR AR A

Alst 2 112]&(Evolutionary Algorithm)
| %

SHAl Rohe AAle 4agE A, g A-Zo)
:‘

L
| oo

“Sdvol "2ty AY)E L Aot LRSS MY 2
(1) 49 7Hae] AA] Aol o3t Boteh FalAE ot BE g tYAIch
(2) TR b wrio] e Leim AAle eiuol ofx AAA e S8 AL

AN
. FunSearch: 7t islandE H|2$sh /o] 1207 J1AM35HY, islandsE XIgt duzjEo=z
WA 2907 F2 islands= AAEW, AHEZO] sl £ islandsZ /dE A=

& islandsS A§AJsict.

el mefol ojsh Mz sHEe AR

. MOOSE-Chem: 817 A|2lwt @2 A|Alo] ZolAl®, o] < WAAA ofe] /o 183
MAES e, 72 e SuMoE MY 5, AFHoR AAY /HESS oA 2
gatol vlF Al 970l o A BRY S b sHES P 5T YAo)A
chopgh Mol W (mutation variants)e S5k, 2 WHe] AS Rop SAIICH

tt& 97t &8 (leverage of multiple inspiration)
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2 7bx] AZte WP Alstol ol AF sbdo] wE B8 Sk ol g2 RS o

=
(@)
(@)
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ik
O
jop
[0}
3
[e]l]
==
Y,
ol
oh
N
2
)
Mo
Mo
=
~
j=p
<
o,
o)
S
=
[0}
@,
«
=
[0}
0
D
Q
=
Q
jop
o
Qo
Q
Q
[0/e}
=
o
c
=]
&
i
T
)
i)
o R

ugAloln Ma b5E WA RoEih o] mye Bals A3 sotd 59 gAlsta
24 o2olflch. YUMo of Ao WSS ohgut P WS EAdh

«x7] A7

e A
A7 WA 47 sgoR o] sHEe AT §

«ou] 7bdo] BESH BB WA F7PHel B2 Aopji,

A2 G7e wostel 7hue AdolEst: o] yrEEn

Nova: @450l WAz o] §zhe ZMsto] o chopstn AAIF A7 7bde At
(IGAS] 43 A7) A9 7pdel chopdol 94 27oA matel Aol k. o2t 2
Ao Fo 99l F sttt UFH: v)A ARs stk Zlolch) 93 YAS =95t
of toFdt JUSL AYSES Ak,

714 49 AA(ranking of hypothesis)

A 7pdo] chgt FA] 29l(full ranking)® A FEch LLMo] &S A7 Uhol et 2o
e AT 5 9l W, 7 Mg udRos AFsblol: 1 AZbw we ulgo] B

Qslch welba] mEiRiEo o 7S oA oz AZs|of $HA] of= 7L o2 Scalsir}.
. EE9] HHH(MCR, AlScientist, MOOSE-Chem, CycleResearcher): LLMo] 713t A
2 4 oz Agstel 2912 ARETL

ox o

. FunSearch: Z& 24 Sxo] 28 9=y Qlo], MAE Fc= Alsisty An2 gHolst
L o2 urt Zeshl Woke 4 sk
. ChemReasoner: 57 A2 91gt 22 A17J%(Graph Neural Network, GNN) 2i&

ol 275t A4eE il
. HypoGeniC/LLM-SR: tjo]g 7]g¥F ¥t (data-driven discovery)o] 2AS drxnf, 714y}t
AR EZ ZAe TF JdAY &5 A2 &85t o5 il
. IGA9] ApEA: LLMo] & Ay 242 AR o5 o &=t FXg = 719 =&
ulisto] o Zo] o Uexg mustt 49 AjHos =& HREs wol7| mEo
o P

o
=
2 vl 8-S AJERstel Colot Nova® EQ3t upAlo] 4 vlw AMS B} upy-g AJeRgyc),

AHs AR AR JLAM(automatic research question construction)

o ARQS x=og Mgt o]= 9™ Zrog A835 VAYS KX 131-738‘?1_- EaS 9171] @_q o]
QA7F QIOH, AJARLE "¢t AL F8Y(full-self-driving)' W =2 AbEoin, QI7te] U=
glol SYA WAL 23 T 4 k.

zujze A7 A
. AlScientist: A]AF F & 13 dHFOo 2 2 8slo] AL wgFS ARG
. MLR-Copilot: i =
Alghet.
. SciAgents/Scideator: A+ AZ glo] 7
. VirSci: LLM7|9} 18t} oo EE
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Ho| 285 &1 Qlo] e okt W Eo] EAfstt. ol =
Est W29 3237, Pu et al.2 HCI(Human-Computer
Interaction)of 7 = 1 ZAuto] =3hg waistch ®Sh Li et alit
Weng et al.2 2|5& dsw 502 &8stof 7Hd Aot ndE YU 24stHes Y-S o
T3t

. Dong et al.: GPT-45 &&5t0] "P = NPQUA] off'2t= o ofgfz A AZS sfi2ast

o}, “A32tE|AA FE(Socratic reasoning)’olals AIAHS A Qtstld], o]= LLMO]
BAS Aoz wHsty sfdste SYst=E Aejste FAlo] A Frtel AL
Agitt. o] Y2 71E9 e oy JHES S8 Al & O}QL

. IdeaSynth: ¢13¢ ofojtjo} 7jgt A|AElOo 2 ofolt]o] /fE@S 7N AC HAAY Lc2 13
sttt IdeaSynth2 ALR3SH A/IALS S 7b2ish LLM 7|8 v]lg 22 }%?j RIIAIE W T}
o ohfeh gieks gAlstal £7] ofoltolE ¢ NRAcz sgd 4« Il

. Liu et al. "&7 7|¥F ddat glo]y 7gt 43RS S £7] A Ayt FolAW, HHA
—E?ﬂ% 7&"113}1 SEEARl 7 A AfEiste] vHdE Ad 2ot dWEA A5

Weng et al.: CycleResearcherQ} CycleRemewerE FAE o] A|AHEIS F|orsict.
CycleResearcher+ otojtjo] Aty =82 A8 didstal, CycleReviewer—= AHJE =

82 Wrst=  Aske it o]F  AJAEIS  CycleReviewer?] HAE2  383}0]
CycleResearcherg £ &+ U&=s FO=2H 4o AYA aitg det o] AL
A9 A" ® A 9IS st ofojdo] 3R =2 A 7let st

- Lietal "5 oA AW tig Aol RRA(LLM)9] ofoltjo] g 532 FIA717] Al

3 I
=
SF5(SFT)2k Alo] 7hest 43t &5(RL)E ALt &
e ’S%HJ% =yt ol A Ths/d(feasibility), F4l/d(novelty), =waHd
(effectiveness)olefi= Al 7FA] Ao 24Z I50, AMdE FAEZE 3ol B WP
AN O
EN

sHoz xR

2.5 {7t g FA

webA A WA|(scientific discovery tasks)oll tiet H7h= off grgsith. BE =30 o
< Bt PHES A, &84 Bt Alaze AHAl/d(novelty), B é(vahdlty) A
37 =X (feasibility), H=Ad(clarity), %2 Ad(significance), T d(relatedness), =S0]A
(interestingness), 5-2-/d(helpfulness)o] 9\ c}.

ElhA (validity) S 8r7A%l apeta]l x]Alo] ZATA MAS AstslA] vhst=xr]|= =slu], A3
7Hs/3(feasibility)2 &4 ©io] AE/dS HENT.

H7IAo] 2A%H 18 LLM 7|¥t 7o} ME7} 7]dF HIt2 Lo X},
LLM 7]t mobe Aol Ropolld AE7L 71k Boteh w2 AT BolFAT Al
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Fuxtg(HEAs) & off: A HIHdirect evaluation)et At 7|8F It
(reference-based evaluation)2 122 4 QIC}
AR B Ay 2APE AR 4 9r] g2l Zn o8 Wbt getoz 289 4
Cf. A1 7]¥F Hobe YT 7HEolA Adl(eround truth) JPolA SFE A @aSol
WgE Pdol Ao EPEQIEAS sk YA olck,

=

o

EG ABPE JPEol Hesl BAE Rojst: WAl @S uetsly] g, wlaE e Bt
(comparison-based evaluation)7}t A|Qt&E|QIct. o= LLM H7IXP7F o] 7FES A4 vl
sto] Joial 298 U7lE WA OB, £ JiA] wHol EF sHdel JoiNe BAE Bk

t oo 38% 4 9t

g &5 Wt

rlr

AH) A% (wet-lab)o] o3t Floojo} gic}.

2.6 714 2R Fa /B

Yang et al: LLMo| &1 §&3 #ets b4 WYY 4 98 HEZL B7H2 5o A
go= YFstuct. 15 A 9o Alslnst w2 spgSel AHE AlRlue el
Mzes ade Y Btes ok

. Si et al.: 1009 o]Are] NLP oﬁm}a T25t0] LLMo] AAst 740 tfat ojm Ao}
W7hE A0 ML) o] 5L LLMo| It Apatsuct o EAY, £ d 98
@7 HE AN 4 ke FAROE golols AEe Eau

. Yang et al.: LLM 7]9t9] mdY 37}, 20239 10€71X]9] HlolHutog s&% LLMES
AFE-810], 2024¥0]] Nature, Science T 10| &#£dt= £459] xdof| 2rs Wwe sist
U Az T oHEY Fa HAS AUAT & 9SS BelFYT

=A A

Bers WAL PAY APoR AFHA oS M AAL A wpgolch
- olz 918 7 2
}.

- dxjo] wpetd WA uwhie s1Eo] ofy o] B(LLM)O] S 37 ojEstm e,
A ubd AFjofA LLMO] =8-S T SFAA|Z] A& QlLX]o|| Tjjst [yElst gL of

rl

8
- Y WAL oot S YL 2 P50} 2oloIA] FaelAl Yot @4 APELS 1E
A A EAC: e 2T Aol 9P AT MRS Bste BAld) ESR 9



- ArgstE A9 ARS AEAOM 984S Fash] st g A wE w)
CECE RS
sfe/ gl Y 49 22

- LLMO] 7hd Y 52 SAAZICLORS S Wi o dolel 24T ot A2

- apst 2 o] e Ui F8 LA (internal reasoning structure)s ©AISCE o] uf

oA = ek Asl(Science of Science) & SHA| It A7 BT 4 QlTh
- LLM& &8s5to Justy fxste #xjop3 g L&55to

3. 49 718 2 7dS 9 LLM
3.1 719

e A
A AAOIA RRo] suret Atle e

A
EN
- ol AMH S Sdiststr] sl LLM2 & 7FA] 4 4471 25/ (modularity) v} =+
]:H

olct.

& (tool integration)= ZH& o] E 7]8Hagent-based) ‘YA 0.2 A}
- 25730 LLMo] flojEyolA, Ae EF, ZAMh =ef 22 Qi AJARD} ALSHA

SAFREF 2 ol 2 WA}
- =7 Z7(tool-augmented) Ze|UY3: LLMo] Flole] AL AL U@ Mol U &
5} DET QETo|AS PAolo YT 4 FEZSY AYS LYoleS FiCh

3.2 Ad HAA 2| A3HOptimizing Experimental Design)
- LLol ot Floletg Alelstn Aot 5218 Eof A9tte A AUE AR
_A1510] FAAQ)

- AFA A& 3K Task Decomposition): A3E YW} A1 Ye]
goz, @M A APel BAHOR Qd 97 Bmete] UA
olch. LLMo] M@ £712 ooty st FA Waks| 5
YA wolzEt

. HuggingGPT: AF§AL0] Molg pastel &Y B502 Waksty, 43 24 U ear 5
£4& 275+ d LLME E& E}Ur

. CRISPR-GPT: CRISPR 7|4t QA A Ag MAS AHEststo], AAst CRISPR A]AH
A8, JlolS RNA A70. AIE U R W A, Z2es 59 A4 A5 A4 A% 4

HZ ALt

. ChemCrow: ¥F=2A Z=Z(reasoning)y} =& 7|&(dynamic planning)2 &83st0, "Ayzt
(Thought), s§=(Action), 8= U (Action Input), TEHObservation)" FEE JLExXO
2 Agsto] AARE mjew g vjgto g F WAlS FAIg
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. 0% LLM A] (multi-LLM systems) (Coscientist/LLM-RDF): A23t5] ofo]AEZS =
g5t A AY PYHES FESHL, AMHo] A¥S BESH nREZE ¥y
AESE ZAEe 98 A% 2cs AYstL, AW BolM omE dexos LA
c}.

- dg n=2xg J|HASE Y <& (in-context learning), Chain of Thought, ReAct)o] ¢
ALENAN TF AEEHDY, LLM 7|8t I Z=2oM MY Al=lo] Al=l/dyf FedZ A

(o]
<

o], LLME& utgat A A|(reflection and refinement)= £3j] A

o)) LLM& 78_—“?_—7} T EES *l%ﬂﬂolﬁﬁ}@l FEA E419}(collabor<':1t1ve dialogue)s 33
ot, 71dg AEsty, §HEA BAS Fof &3 7IAdsttt. ol2st WAl AA| utehA
oAl o2 gt [fAbstth (AE7F o3 1] Apo|rb #Al Bte o& Zlo] gtk Al
717F =, oget #dS oot dAg =os AA A9 FoE x=Eche wgu I

ul}] }\]»5)
-1’05

3.3 A A At=3sHAutomating Experimental Processes)
LLMO 2 Al5 X = 9= Aleste

SEAFA]ZICE. (Fo]E] FH], Ala] Als), B Wy AbAa} 7Fe v &= xlokdo] AL LLM

74t Al 2elo] 43)

3.3.1 Hlo]g &4
M = AYAQd QA HolH  AAl(cleaning), 2 (labeling), £74  WAIY O
(feature engineering)at 7,5‘% 111]0]E1 Z#H|(data preparation) ¥tJ-& LLMo| At=3t & &
ol sz E&, dolEE Zmss] ojele AolAE LLMo] Ad dogg Al A
ES
FA

(synthesize) & & QI Oﬂ) A oY BAe 4¥shs Zlo] "lgol ol &7
#AS Zst= Ate]atsh(social science) AFOA ALS|A S Al oMt
(sandbox)E A7AlskiL, t40 LLM 7|8k oo]HES HjX|sto] A& S A&af
of YAl AFAtEO]l Jo|FE o] AR FeAg HolHE HAStL AT
AlEg.

réL

HT
4
ol
£§
0

HIis2 ArEst

8 9g3azz= xEstelr] s, LLM  7]¥t ojo]REX A}A &l

&F5(tool-augmented learning)S 7.:3?.}
I

dlolef M2 &gt AR st 7R R

N

(pretraining), ¢l E4Y(fine-tuning), =+ &7
o Af(task-specific) 4FS S5t Yo
g HS5n, =ojold dols Alg #EF : 8
7 o] XAZ Fust ottt A% Aeli(task execution)E FAHAIZ]7] #6ll, LLM2 35 =0
ol Al "ol A(domain-specific knowledge bases) E+= A FAEH YJIZ=2
(preconfigured workflows)e} ZAgr=IT FEot, As Y s

Chain-of-Thought ZTE&x8ly Z+re yd mEnE J|HS

o WG] ASY 5 QS Tk oloh Hol a*osﬂeﬂ

1o =2
feedback loops)E &35t vt

E ]

rE r &" °
o
>
e}
m
)
J:~L
19
2
o
fo [
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o)
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[m]
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in-context learning) %
o, =28 AY mz2gX

mcul 23 (task-specific
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olel3t WAL vlFoR, LLME ok} ol Ciet Wolold AW 9T AFe A2
papatct.
afst

. ChemCrow: LLM 7|t 3}8} ofo]ME R, 187}K] MZ7} HA &
ot @42 Ao AZstn Asystnl, A sela Ay stere o
Coscientist:  AEA  Atzst AlAHD LLME  Egstd =2ty o) 84
(palladium-catalyzed synthesis)®} Z2 w28 XA s}stc}.
. X3} &M g 12]Z(evolutionary search strategies): T 9|5t 3teh 2718 ©HAsto] o
B FAE Algsty A BE2 £ole 9 EE8H0
. Bayesian z|A3}e} AtHo] A= A FHuj ¢/d(catalyst synthesis)Z sl AFAo] U=
i Hjo]x|et &M etS Ajsto], BhRA dA F7|(iterative design cycles)S 2| sttt
. 7H2 AlUe] 2 HlAE(hypothetical scenario testing) & 82 A Z|(reaction design): At
A AFe]Y(pre-screening)2 &ofl AP ¥tE SIHE EC}

Ao} Fjar
ChatDrug: X =XH8(prompting), G|o]E ZAAM(retrieval), ZHQ 1] =4 (domain
feedback) 2523 ZA¥sto] AoF 274 3 HA(drug editing)2 ALt
. DrugAssist: ¢17F-7174] tidkhuman-machine dialogue)S &8 EAF L2 E ¥HEXAO0Z
2| A gH(iterative optimization) 3t}

gt 9 os

CESM-1b & ESM-2: @i &g alagstol olat 2 4t 14 o|5w 2o o5
2 st

. HuiAl A gdl(protein generation model): ©EEA mjde] gojE2 LLME il &Y
(fine-tuning)sto], 7|so& [FasIHAE Y LS

. A A LLM(antibody generative LLM): Al+ SARS-CoV-2 & OXQILS Q8 7t
g9ty xtel aAlol o] &sHA] Qe Sol4(specificity)zt TR (diversity)S
2 AR

)
i

<
rl;‘ it
n:
ma
o)
e
fujo

2%

2t

ol

ol
iul

3.3.3 tol8] BA3} 54

LLM2 fjojg] FAo] tjst Ao 7|9t A (natural language explanations)S A8/Jspil
olu] QU= AlZteHvisualizations)S /dste] HAFSE fojg] Al9] siAof 7]oqttt. =&¢
Q1 A}o] E (insights)2 W} o]5ist7] 41, AlSH 7}=5h= 2 (accessible and actionable) Ft=
L olste 2tk MEAOR ool BA(data analysis) WAL EAX B A4,
SAG Al Fdist A A sidE Ze= shet, LLM2 &4 2P (statistical
modeling) 3 744 AAN e AFS Apbgetsto] #A WS Heoh AlARC

o) LLMo] R ®2(modeler)24], &5 Y3 (probabilistic models)S A|¢tetar, A gH(fitting)
2 AXIStH, E£5F $4F o & AZ(posterior predictive checks)y} @&
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g dsof tist nj=ulg x|5of Et.
- I8, Edlle, A g LLM2 HAE goJEoA] £4%] 1f8(hidden patterns), E&
E(trends), #A|(relationships)E @ist= O Holdt 455 ¥9.
A

=
ojtjo] glolg BA: F& o Z(public sentiment)y} A5 EzIE(emerging trends)

ol

2

o J_Qm

Q

olg] siAd: &7 1sHEnvironmental Science) 2ofoflA QAIAXR S X[ Y.
B M (Thematic Analysis): AA 0|o]E{(qualitative data)ol]lA] =9 ZAet e Al

=

bong o Eope |

0
=

Z(Financial Forecasting) ¥ & H7HRisk Assessment): HJo]g 7]gt Z
735k,

oo]ME 7]t Hlolg BA mA I AutoGen: of2] 7jo] AMEA} XA 7ps55t
E(customizable agents)E &-&35t0], thFst LLM 7|§¥F o E2jAlold S +58 & o
£ ng U F(generic framework)s Al&. o] o|o]A E(customizable agents)S-2
Atdo] @ Fc @ Ars xrgstn, folg m@la(data modeling) ¥ Tlolg] 2 (data
analysis)i} #Z2 Ot RAEY AFdS A,

ao
M

X o

S

rlr

oL rzl ﬁ o o

L

9% ARIe] WA SAleh S wollo] A8E o wAsts o)A ulEHck,
O A& 539 stA(Planning Capability Limitations)
LLMo] A& 4%1 g‘iﬂ,(planning capability)oll= =241
3 BEoA A 5§ 7|2l (executable plans)& A/Jst= U 75‘$

+ ZEAYo]d(hallucination, $H2t Ao Fofsty] mjZo|ct. &, v[FAQd 71]9Je ¢
HaPAL, Fol4l A1 AlAl(task prompts)ol Al HolLhs @75 WL, s AXS o
2t o o2ge 28 1540l ¥t

@ n2xnE Z}AXA(Prompt Robustness)?] &4

A Ad(multi-stage experiments)ofjA] T=ODE 7FAX(prompt robustness)o] £ Qst
= mpAjoltt. 22 oJulE AYsitets nEnE F19 Abast Apo|7p Ao AR H ASY
g ARkl AX s siE & Ao ol
outcomes)o]] AFAQl JgFS 0l 4 Q.

® A7 &= EA|(Slow Processing Speed)
A713]HA LLM(autoregressive LLMs)9] L& X2 &£x= AAIZE Tt Hi(real-time
feedback)S B2 st YHEA(iterative) R thd7(multi-step) A A=A FEA4S
I 4 Aok

03':'
uz
£
ol
—_
r|r

b—

ON

F

<

=Al= A ZiKexperimental

o
EX 9l XL9o] ofz](Application-Specific Challenges)

LLM2 £74 A Fopo] HAF XA ¥ Q1A X (cognitive processes)s #5245}
+ ol eS F7] diwoll, et A ZofolA detetd & Q= sl AT EANE
o o) &AM o g2 QidstH U (ethically sensitive), @& A 715/do] =2 A2 AlEd
oldd =art Qv 4% LLMol yaiRle=z metet Qe A 4 €A

(safety-aligned values)y} =% 7F=AJo| =r}.
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My B olake Zeteln, MY AYS] Ledt A TAR0] W B AHsksts o] F

Qstth. gAY o] d(hallucination) #A|E €stelr] s, YA EZ=2 0] F=Eg 45 o7

UZ(robust verification mechanisms)2 £33t ke 13& 4 9itt. o) o8 Al

7158t A5 A|AHl(external sound verifiers)dt AitS WX AS5HAL, AAZE ojEd 2

ng 283t 982 SHo= st Yol k.

- 20 E ZFAA(prompt robustness) 7JA1g ¢35}, WA WK contextual changes)o
w}

gt TELE JARES DYHY ¥ RASH= AP AAHE Jfdo] Hasitt. olF gl A
& AE oA AgtoA dd S FAT 4 Qoh

- Bdo] g &M(efficiency) &S Holl, ObHA FE(multi-step reasoning)oll A ste &

= (distilled) LLMS 7J¥stAY, LLMY JE2E3SHtask-specific) @S ZAglst stojHa|&

2N

EN

=
-
A ABI(hybrid systems)& 5510 £2oF J&Hd F #¥d= Aok @t 1

011:}

9T},

- £4 9% A Z(role adaptation) 535 Zslst7] flsl, 1288 =0Ql 53} Holfy Mo
2 LIME AY RYstiy, BEY ZAdYI s Jidstol £ A 222 oS Y

=
sl 2E 4 = slof st

- gejxog waH Alue ool LLMo] il ALES 4 QEs, K9
(adaptive alignment protocols)g A5t EA A3 Z1of 3 LLMS
7t Hastt.

4. LLMo] 9|3t Be} =8 5Py
4.1 718
LLMo| ©j3t Q182 A1, 231 AP Ael, A0H 9 B2 o] ALH WHE, Bo) auf

g 33 wety A7) AbgetoA Afsts EA AAE A

4.2 A&+ A
Q18-+ Al/d(citation text generation) AFY-Z o] FEL =752 AJelst HIAE QoFZ
AT LLME FRE 29 ojsiiy dnye sigos AgR S A o F
Qst I3 ot, Aedut &85 =o]7] Hsh gdst WHeEs A&st ot
Xing et al.: ZOIE|-AIA U EY I (pointer-generator network)S &g, Wit Fo H#
U Z(cross-attention mechanisms)g E3 918 =579 1 LU X20A To]S BA}s

o 91822 WHH
. Li®} Ouyang: LLMS Z=2x
Ag Bxste Aol 4Yg

Xl
S .
. AutoCite @ BACO: o] d31& &xlsto] s

o 12 2 E(multimodal) 292 A&, & HE
3 Azt HAE U ZAYste gUHoz AAsti ouiyor FEI ARES A

1«]8]—1:]—_
o v
. Gug} Hahnloser, Jung et al.: AF&AP7} 918 olx 4 7|¢jEQ} ZHe &8
=% 31851, o]2 PASH HEc] S 5, Qo] VALME 0lA] 3Tl AFGAL
%)

=
o @70 T AGTS A
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o] thFst xpdo] ofsl W A Aol duS AFUL, FIole Boh Aol APt

241 ek FsARON, ofE ChRE @7 wol 2 48 BAs 92 ATsh 9

c}.

- Martin-Boyle et al., Zimmermann et al.: ChatGPTS &8st 23§ 2]8 Ardat #H
At 7ol et Atell A-l(case studies)E sttt ChatGPT7F #tst =& Hlo]E|AlS i
27 A7hskaL e A Aol £7] XRQM(initial draft)g AJ/dshs ] =&0°] 22 Ho

7(0—]]'_‘4.

- st2AlYo]M(hallucinations) &A): A ZEIATF AR 7]8F 5HR] AL FAl AL
Aersl wedsta 2ake 2RV WAY & Aok o2E 2AE 2ats] 9l we o
FE2 AM =7+ MM (Retrieval-Augmented Generation, RAG) ¥A1-S A L3513 TH RAG
+ 95 XA daE AMd 7R FRIZE b oeg LLM 7Y 29 27 AEE At
st ol

C LILLM: RAGE Zgstol WAlolEoln Bal =22 AMste Agstol, Y=ol 24
2lBo] Wagh AT wAL Folt FAl0] ATAYoHL 545ttt

. HiReview: o] H< UAA|A, RAG 7|8t LLME 2= 7]¥t ASA ZAHG &
SEITE. o] AlARLS WA Qg YEYI UolN T etel ARUEIS AMstL ASH ¥
= Edg](hierarchical taxonomy tree)=2 AAst &, LLME zF Z21AE o s Qo2 A

H. 9T AR eA T4 wAES
- Nishimura et al.: &3 HE MM oA ﬁﬁ’é(novelty)% x5t E LLME Sl
NM2e Aot 7|E& A3E Hlwste, LLM2 AlEi o& de B&st Jdxshes 3 o
T AR st d B8 Ao, oY =27 o]d 2@ o) Mag shEch

4.4 29 9 23 A4

AbEete sty Z27] FopoA LLM2 §4 HAE @4 AFYRY AA AF =« A0
ol clorst Alglo] A1RE T 9k

. August et al.: bt AR&ALO]| SHE Alo] Zhsot B =] welA Aof S AQrettt.
| SCICAP: o3t Jdo] MM A1E 4oz A7 clolel s wan Aeks)

BlEoe w20 7} MNS AASET A0S AYSH: o LLMS FEIT)
CoAuthor: FUA] QIZH-Al H2WS Fstel, LLMo| Azt Mgt A 3 HAE shge

. Ifargan et al.: &A x}&A9l
A7 =2 A P

. AutoSurvey: LLMo

. Al Scientist?}t CycleResearcher: ¥stA =3 X0 ZXhJ¥ul of
AAE =etst AR wehA apgof 7]ofsh=
bl

LIS

U 22719 JP5He BR

j 4
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=X 3A|(Challenges)

o
A= Qs A&7 Y, T A A, 2 =7 Aol =AUAZE YERDT
- $HZH(hallucinations)o = Qlsj Ax% Ql&ojuy} W& ¢l 183 MAsh= 47 B,

w3t oEate HM AL ) Alog Wt

= 3

- A3t 29 AH(context window)e wlo] Wrid xS WS BA AL HUA
o Egsts 532 0% AU o2 Ash AR A AU RANY A 183
J}wRE 4 otk E3 TN Quge WASHL ARl AU Aladt EA0] oEslA
UES S AL A4HQl Po2E dob on], LIME &4 2270 Zast oot
22 AFste o ol e A1 At

- LLMS stex Zav)o] ALgshs e st oAy 9 mEW HIH Fast goN £
RS AIgtct. ol AL EAl(authorship)e] AAE B8sP @ct £3t, ApAtEo] 7|
A Y BAES APISO] AR o3t 202 WEY & Ik LLME J|E 2AL 9
AP Bste BIAES YT 4 Y] R, HY BNAIL FE8 SR %

S A YWsKFuture Work)
=i A S5

52 ool A4 AlAE JRMT Ogstn 21 BY SN PRE THGE B
o] o gyl 2 WEolof Ak orlot o UL g AF WAUS AL oF
A Y B, I WA BY UAS EYstel YT EZUAES AN e Al

&l(Human-in-the-loop A|AH)-QIZHO] Zh=dt 7fQio] F47] upgof] Al Fofof-
SPotd A Aol WAl A|A du/d 9 "jA AE B o Qo
- Sald BR|=2 siZAsty] 95l sHA= LLM ALRo] st @atst x|Aa 2 7152 S HA

5. 52 AAE 93 LLM
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Cf. LLMo] 917 +22 S3xo2 2Asjo], YHE AF, A 9l sloje H7} 59 of
0 1Al A9 glo] ZUAQl Ay WNNE AFSes A

LLM 8% 2% 93T=2Q: 3124 wgrjoA <17t AEste] ojdto] ojds] Fasirhs Q1A
2 vigo=z LLMo] Hx iz 38rn, =52 goF AnEs AE, Yy AWM ZHAALe;
=]

72 Azto] wro] Zelx|gh WstshA AolE AUS AUd A Wt W By

2 o8] 21z AP Pedict

-

o 2 WASS 2RO TeA. UWH, BAS P A5 TUE PEeg Mg
otk Eah, el AlASIS AAMOoZ Wrkstn AjAshy] ols, mEstY by dlolg A
AEstn A% Wb AIES st 524 peer review WADHAIL ALEQich £ golA
L oolelat wMEY Wb melUyas WAstL, MY £F w4 U F5 A7 YIS
Aot

5.2. A}z 2]8 AAJ(Automated Peer Review Generation)
Mo LMo EUHQl 2lBe MHS & QES sto] AlA wpge Zhas
S SRR QY. o] AL S A =ie dHor AAIKQ peer review = 0
7 J

6‘]— N . L =
Bt 2l R(meta-review)S A7Jstey, meuio] Zlo], ey, WS FIA7I7] AT
71

ol'

He uwEct o WAloA L *‘ilﬁl_*éﬂﬂﬂ—i‘f% AL&olo] o]
(o: WHE, AT AT} slole S)o] AEFEE Sriint,

o) Ao oINS cheter ol |EIA T RlerElglct,
. MetaGen: Q0F 2% Mg & oAlAA B4l A% we 1ty
. Kumar et al.: oA} 24 o531 & AYS EFstE AAY opp|EA g
. MReD: 24 %] 7] ehug 84 pastel A4 Y

L CGI2: 9 A7E JvioR BEA MAS Ed

—|m

P =RO 20 AL A5
« A7 AT} e ao
* AlA22|AE 7|9t neJd IS FEsto] YHEA mevls F5f dE FAS A
- ol2fe vEA H YAl 7Y Zlolet WS FHAIZIAIG, AURAl 54 e W

£2 02 POl UHAE A0S AtE 7 EROME WAS Bl

. CycleReviewer: 748} 8148 850l 7k AL A4x0z Mste deedc )y
W gAe A (3E) 28 YT P P (@AF) £ A ulgo] 8T
clo} R4 24 LA
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. PaperMage: Ao} *]2](NLP) &
A 7E BE HAE EHAS A

ch

. CocoSciSum: =w9 4 &S Qost= o 282 HF0, 4ol 24 3 54 7I9E
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LLM &8 338k 931 xXLAI Co-Scientist

A 229 Co-Scientist(f1}8tAH= LLM &8 st dq1o] thaAQl Axoz Hrpuy
JC}. olo] 129] Co-Scientist’} oj27] & L& 9o st stA7F EAfstw, ojmst
PFog Yot QRS AmE A} §
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oL 0

L

“Towards an Al co-scientits”
Juraj Gittweis et al., https://arxiv.org/abs/2502.18864

WebA A2 WeiRso]l Mz 7S st ol AT AdA d5e AXle W
ofafl o]FofAtt. o] WFS HYstr] Y5l /i Gemini 2.03 7[¥roz o 45 oojdE
Al AL Al Co-Scientist” & AM{2r} Al Co-Scientists 7]£9] 545 Higfo2 ALK}

o1 2ol x|Alo] A PR AA K|AIL ¥iAGI= g 22 =y A2 Q oL spAly

Aote Adst=S dAEA.

Al Co-Scientist= 714 A ¥R oA AiA(generation), E2(debate), && (evolution)o]z}t

o =
AT WS M8 wepy wEes wgsin, BlAE AFIAY AN HYL Fol 14

(1) g% AN e AU HI5718 AY AP ZYYYIE & OF ooRE op]

(2) AAZ2 PNEE 71 WAL 95t EYHE X3} 1A

ALEstsl Wl Au, Hae AFoIAQ] gt Sha

Sk gio] o5 X &A 7Pd A o] o]

Fo|dZ RIS}, o] A|ARI2 HEXog &8E 4 QJX|P AR o=z MFost Fo

o] Al 7tX] @9—O® %= AAFE(drug repurposing), Al B4 H(novel target
SV
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1zte] Aol SA e wete] J]x A7 WHE o ZolgAY, AAo AP S Eut
Zlolo] defutol] AWa) 9ok Aol NS BA o 2u ARAQ AP xAL 75
©oule, sv]sel BAe olMs] o2 SRS stEAlEi FHelst AAlo gilolA Ue
oh. 3RS B =20l FAY F7tet ot 14 BA 7120 95} 54 Hotol Zo]
ol P} otA] 7t BARe EAlo] £55H Zlo] A o ol2¢xlL k.
Fojel gre sl Emase s 2t @S £o) o] 2ojxck,
20204 =% 3}3HA “CRISPR @77: u]3 23, 9418t BAMIZS 5 ofe] Rofo 2%

-

=

. = = = = =
o153 A]5(Al)2 General Intelligences Zt& @FHAQ A|AHOCZ w2 A WASHHA 1}
= [ A= = X}Oo = = o st XA O = o
Aol 2 7t AAE FHOoR YUED HEAoR ALY 4 YRS shu ot ol
5 o S = L ™ clt S A+ o =
o Al A|ARIZ noshdd 3 59, "WE 2T osfd, 19 S3 ZAE Fr|xos
= ols =3 ro o ; SIE o ABHS 5 Al 2=
siZst7] feh =+ &M Z2 AeA(agentic) PsS HBTH. EIT, AA FR
. . = . . v
(distillation) ¥ F& Al A4 H|&(inference-time compute cost) Aro 2 X]5A0]
S S =i =3 o
A FEAQD Al AlAHo] FA o MRS A 7hsshiAlaL ot
o sk Ol S 5 SFS. 0Ol]5 — i 1 o uts
A mpek 9 olst o] nlsf A AMEHS 95l Al Co-Scientist A]AENS Jfetalgict
Scientist inputs The Al co-scientist multi-agent system
L Research plan St Generation agent an
Research goal configuration AT
— Literature exploration
Scientist describes a . tantif
Simulated scientific debatt . .
Scientist research goal along with G s e A e Al co-scientist
preferences, experiment Ranking agent Reflection agent 1 The Al co-scientist
constralnfs. and other tournaments continuously generates,
The scientist interacts attributes. Full review with web search reviews, debates, and
with the system by Research hypotheses Simulation review improves research
specifying a research Addidea comparison and ranking 1 hypotheses and
goal in natural language. Reviowid with scientific debate in Tournament review proposals toward the
They can also suggest Al tournaments. Limitations Deep verification research goal provided
their own ideas and Discuss research and top win-loss patterns by the scientist.
proposals, provide are summarized and Evolution agent Al
feedback and reviews, provided as feedback to 9
and interact via a chat other agents. This enables Inspiration from other ideas
interface to guide the Research 9"0_5’“53'5 and iterative improvement in £ Simplificati Tool Use
co-scientist system. overview quality of research Hpcaon Search
hypothesis generation Research extension

Top-ranked research Additional tools

Discuss via h h d | Croating =
: ypotheses and proposals self-improving loop. Proximity agent
chat interface are summarized into a R Azt C Y2
research overview and 3
Meta- t —
shared with the scientist. e laniylig — Memory
Research overview formulation

The Al co-scientist system design

T2 19 . Al Co-Scientist A|AHE,

Al Co-Scientist (dAHE9] F-&3 =A R FHA

Gemini 2.05 7|ytoz &t OF ofo]flE Al A|A®loz, “uetx} FA ¥ 2
(scientist-in-the-loop collaborative paradigm)’g 7|gto 2 u}stA wiH =29 dHIH5HE
5 AAEN. AR Hdet Apdolg A mmE X SHH, o] AAHE #E 9
AAstL wejdoz BAste] 1E 7S ot U AW 3, o2 uHoR AED =4
Aol AL JHdIr Al m2 E =28 Forstch(Figure la). E3SH AQte] EIEA-S HASH]
ol ¥ =12 85t 1 FAE AEsi.

J B =
AFASS AVE st Jhdoluy A Algtel Wste SAw Af £712 AHY HE
Qltt. AL X}9] ofo 714 L Al =Zsty, Al ABASE 7S AIA A& s, A
ARe Fol Alo] e FAsks £ chbst WAoe PR 4 ATk HlAE AR o




- AlxElY Wy gnEFe ohgu 2L Hyo=
+ AP7] oh(self-play) 719 Bt EE BYL $o) A2e A7 spES Y
« EURIE WA 37t So) 7MY T 27 WYL BAstel 923 spuS M

* 7} X3} 314 (hypothesis evolution process)2 £35] A|&™A o2 7149 £AS SHA}
[=5

ESH Al Co-Scientist= A}7] 8] (self-critique) 532 Ztx 7 Qlo], & AM £9o] 1=
Fgsto] AHHOR WENS AFSn shda AT A wEHoz A¥T & 9k

%9 7]o] Qo
- Al Co-Scientist 7Jg: @35t 23 Q@oFo|u} "deep research” =15 dol, 22 A2

2, 7P A, A AE S XSk Al Co-Scientists 75 =4S

- WS F2Z 9% HAE AP A4 mi2ioide] i = (Significant scaling): Al

Co-Scientist= H]Z7|A A AldH(Task Execution) A IS &F835F Gemini 2.0 7]
Y O}% Agent o7|HHE oz St og £3] AlAse He
B9 AUS QPI0], WA Gt YUES VAT 4 JES

S M
A EE 9 BEUUE s Alst meqAs LasHe Ab7] CfjA(Self-Play) Mok 24
74 9l of AlotS HtE Ao 2 J|Mst= K}7] &
( q
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=
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)
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g 15710 Bast wete SmEE/PL AAE 2 BA)E ddoz AE Wt
(Auto Evaluation)S £3isto], Al 3= WsHX7t 2| S(State-of-the-Art, SOTA) &%

o agent ¥ F& BHZ Tl LA 7MES LTS 456HEHh

X271t ¥35t= wshA 93 = 2 Q(Expert-in-the-Loop Scientific Workflow): &
rgle welRbs Il Fee @R £1 AAslglon, Alslo] sve] diste wewse §
AsHAl WrgE 2 Ao o]F F5l ALAE 35 JHE(Co-Development), Fle}
(Evolution), AA|(Refinement) 59] 18 4885t}
Al Co-Scientist9] AJ=29]st Hol 3HAl HL ZAof Tfjgt ML c=(End-to-End) ZAZS:
Al Co-Scientist/t 43 22 Al 7|5t 7hde U@d 478 So) AEstch 84 3
Aol E7tste Al 7hAl ABgolst A7 Hop-o

BA 9 A(Novel Target Discovery), F0JMEA WA (Antimicrobial Resistance)-ofA]
Hatg QEsHA, Al Co-Scientiste] WAS0] APA(Wet-Lab) AP0z ZFE k.

A

=

=

1 F=20d3t gAEAA AAN &% Reasoning models and test-time compute scaling)
Al 7J9h Guh LLMO] 84102 SAHH GPT 9 Gemini A% BR5e tjwel ejng

doleoR EALYT, o] ofs] L Y SN e T wolw k.
A4 FR AP Popel WY FZ(reasoning) ¥ FAS US| ALY AL BYE 2
s} t "2 Aol TIC

‘reasoning models"o] STt olajgt oA FEul
(test-time compute) mf2{ttgoltt. o= AL FEH K209t

—

1o

&

oY1, inference

o1
ol 270 Al AtdS FHE5E System-2 style Apd, ot SAAHI

u}

oz Ly [
£

reasonings 45t0] e Folul A9 SfAMS WASH= YA EASIH.

ftlo

o] 7§d@& AlphaGo®t Libratuso]Ax] &#A8i=0], AlphaGox= MCTS(Monte Carlo Tree
Search)s #&slo] 79l AEE WASIL Fetdom 45 Mget: WAL Abgdct
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(chain—of—thought)" =39 H;ﬂ A7
= & HAE A A 7hs/ds 9 st Qo)

- 2 Al Co-Scientistl= E7}X]0] 8F> 7]8 olo] w}shA & 2(reasoning)i} 7} Al o] 7}
5} C1F agent EeJle) T HASls A2 BEZ N YUEdH LEH A
sHinductive biases)- JBlg}E oJsF 7]E2A o] J}A-2 SFL510] EJRAE X]F AR} mjz]c}o]

= 722 2gsle Yors Aoteld.
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2.2 Al 7|8t 2}pehR] 9rd

Al 7]5F Bpeba] 212 Ciorst 3pe} RopolX Ar} eElE whalol
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5] Eich o]2 JH A HolRE oAz Al 1R o S (AlphaFold2), Al &AY
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O =% mc=wl /ZS 93t LLM &8 (Liang et al.): LLMo] A =50 djsh o
Alsd 4 A=A F7Hlih. 71E mjof 2] R(peer review)s %ﬁﬁ}ﬂ AREAL A4S 53
st A}, LLMo| A5t mj=wiyl ol7F 2]Hojo] mcuho] Abds] QASHS whASHTE Ql
B F9ols Azt S2uc o £8o] Hrtn Sgdich

@ PaperQA2 (Al 719t =% A % Qof OIIOIH E): PaperQA2%= Al 7|9te] utst 238 A
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® HypoGeniC (LLME &85t 71 MA AJAHE (Zhou et al)): LMY & &5 oAl
(Multi-Armed Bandit) ¥ie]&S 28 sto] }é% gtExog AgAot= 7P Al
& GASITE AR oA HlolEjoA x7] JPAEE AdsSta, ol a5 t
7

1 od m[

to~2 BRI 28 (exploration and exploitation) ¥WrAlo] 2] A =
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@ Data-to-Paper (Al 7]|4F AL =3 NAA ZA=E (Ifargan et al.)): o8] LLM & 3 7]
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0, ¢As] Mz "est 7Pdat A At S SR+
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AU L Wk UuE ojRe gy
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= ZdAxste 89 =42 A=A
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Research overview

. " Researchgoal —— Configuration — Supervisor agent > with
Scientist detailed hypotheses
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Additional Worker
feedback

Generation agent — Proximity agent Worker
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Reflection agent - Meta-review agent Worker

Al g l >< i Context

Ranking agent — Evolution agent f——— Memory
Al co-scientist
Al co-scientist specialized agents
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20. Al Co-Scientist?] HE] oo]XE o}7|&lx] MHAE: Co-Scientiste =2z 12
wop AgAR AgehE ThED o] Aol A= agentoA] AFET, U= agents
B7tsto] ZF 53} agento7]l 7HEX|eE AFd-E €5t o] ZHEAO] e} agentE=
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3.3 £9] oo]AE (Ranking agent)
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3.3.4 27 o]o]AE (Proximity agent)
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3.3.6 HE} 28 oo]XE (Meta-review agent)
el 27 agents mEH] fxolM AR S stof, HHA FEM AP] JHAS
7b58H7 gtk o] agent:= EUUWE AES 7|ytog Abzsin], EYUE UfR|oA o] R0l
i R AetA ERoA WY sed HEHS 29 5}@1 e} EJFT v g2 A/
- RE 2RoA A2 BAS TR UE YRe T A]

sto, &% RS o AAst A=g A 7H’L3}E§ gttt o] & Sdll ot AlRARY
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o el 2 WAY % lrk. o) ALSol that ofE AFE S AW A 2mo| A}
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& ¥Y 202 o R

3.4 A7t 7o 7|49t A s A8 (Expert-in-the-loop interactions with the co-scientist)

Al Co-Scientist= A&7 o] 719t BAE Soll L&Ats0] AA”S 55802 24st®

= oH2Y 2). StAtE2 gk 22 ohefet WAle g AlA®lm JoAgS 4 Qloh

- AEE 7HE " A VHeE et eR XV A4 SnE AAlRIG
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AR GA2 | 2ol e A4 R Zust JhEE sl 7 SR Ve Eolot
§ 7hs89 e WollA gMsts A7 SR80 58 {99 A 84 AR/2E FDA
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A, A Wde 22 HAYE f8-od AdAd A2 &8l A5t o] 38 FofF
v ST dAo] stz AAHS W mddog s 4 9l
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oA e 2=, Flo Aol =245 A8 &€& =oof gt

- GPQA dlolEjAl2 =3t =28, sfsr ®ofe] AZ7tEo] 7Ngsh =4AQl ZHgA] A
Zo] "lx|uf3o]c}. Co-Scientiste] Elo HAo] A|AEI0] Aupr}t elgtstn Aeshx] S A
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E
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Best hypothesis Elo Top-10 average hypothesis Elo

= A Al co-scientist Best = @ Al co-scientist Top-10 Avg
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Google DeepMind®] AlphaEvlove?} AlphaGenome

F|A]: Google DeepMind+= ©|NlZut] Hl= HAAAN 525 7+ AlphaGo o|$o= &
5] SAIAQl A ZibsS TRSHL Tk 2025F0] HaSH giEAQl A EA, 640 TR
St AlphaEvolve?t 720 2R3t AlphaGenomeof tiste] FA}SHIICE,
AlphaEvlovex= LLM7Z|dt X3} Al 39 ojo|MEo|H, T2 Aojud(LLM)at X3t &
V2| &S FEsto B4t duelES AAlst A g} siEtt. AlphaEvolve® Googled] T
olEIME AAIZY 3t TPU HAS A|A ety LMY st54 S 7H438t okt
AlphaGenome DNA A ¥ RAAL 7|5 o5 AY =St Ao dilS 7M.
%, Zd 100%F A7 DNA MEs ot A7) 2589 W= AEAT= o5

Sz, chget A 2 Wolo autE o5t

AR R:
A. Novikov et al., “AlphaEvolve: A coding agent for scientific and algorithmic
discovery,” https://doi.org/10.48550/arXiv.2506.13131

Ziga Avsec et al., “AlphaGenome: advancing regulatory variant effect prediction

with a unified DNA sequence model” Preprint, Google Deepmind

Ewen Callaway, “DeepMInd’s new Al tackles the ‘Dark Matter’ in Our DNA,” Nature,
vol. 643, pp. 17~18, 3 July 2025.

https://deepmind.google/discover/blog/alphagenome-ai-for-better-understanding-th
e-genome/
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“AlphaEvolve:
A Coding Agent for Scientific and Algorithmic Discovery”

29F AlphaEvolve A18Ps 39 ofo|HEZA, 7|& AT o2 o] RW(LLM)Y 52
2 T AA. R B BA Sdold WA AN Amat Hxstet e uje =HA
QRIS 23T 2 Y= Gk AlphaBvolve: LIMEZ 748 A& wolmefole 58
sto] AueFL APMOR £PFORA AN AT 2T o AAsS FotH A
T WAL ALESIY, sht ol WIMAIERE A4HOR WCWS Wol AAFS YHEA
o2 FAZIN, FIHO2 Mg WAN-UEA WAOR ool 4 k. of7|HE o]
T wao] CigRt 2 AN BAl0] 28 Mg J1ssiths AL YBIC Googled] Uhfm
A ~EjolA] sy 14 @42 A 0, AlphaBvolve clojel AlElE 9% Bt 2.8
M 2AEY YnAFS ALY StEo] 7H471) B2 WAA J5HoR FUstA
9 o ZhCheh WAL Alopdn, AlphaBvolve AIHIS FESH: LLMO 814 45 £ 743

b

ot o+t AlphaEvolvew 48t I HAFE st Fopo] ZA0A 7|E AT &2
s7e el fatRloz JF5H IvuieE du2EE

(Romera-Paredes et al., 2023)2] W& 37 AT,
7t 4x4 Bas dE FAlZ 483]9 AZe) Al
OFollA Strassen ¥¢2|E o]F 561 o] o]F
A% ool ET}T upel W Al4te] thefst Fofofl A

lo
i
>
%
ET
Ir
ok
g
o M
o
)
=
3@
2
O,
rlr
o

|2 Sol, AR TelA WAL sAL FYAo
© Qubgdo g o}o AP ERA 7= ol 71
o] Mttt 22 o WS BRAoe xpEstet
_olajgt Al gt 7]

O

% & A s} (superoptimization) o]o]XE “AlphaEvolve”& dotEct AlphaEvolve: g
suzol AFE WL Jhsa et @ B Bopo] Bye BAE iRt o AEE Ui
it} o] A|AHEIL 28 A5hA T Alexrlo] sg]AEly}l ZFo ¥l SHE Qtyg]xo
dElz EPeln, ol2] sje] LLMS 285 A7
LLMo] F&ste of Algt Bge 2t A3 U A5 Frle o ARNKoR S o

o]

P S

=
=I5t B2} AUSS AlphaBvolvert 719 LLMO| 2gaist Aokg me 4

AlphaEvolved] 7letd g2 2|4l LLMO| mj=w vhg 5353 &8sto], 7] SEI% &
O

- r O o [e]
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2 ol SieNl
= OfYAIR T sive HAsHAY s e daEEoR Vled & e ode 2Als
o= &g 7hesttt. At Fe, du2ES A= A2 pEAQd Sud FolA siY A
A A8 gMste 8 seh2 e adpAel Aol

Fetd gt 39 LLMZ Z3sh= ofojtoj«= ool o Sehd e7golA A=l
53l. AlphaEvolve= 2514 ZAAlE HdstAY 220l gielgs F&ches Fe28He €
Aste dl LLMo] FEsh= AlehE ARERE FunSearcho] HAARQl &@Ho= & 4 oot
(Table 1). ojet fAteh A YA Algdold 2X< flgt A4 24, 7= &7 (symbolic
regression), 2% AAetE fJot {FEjAH o EY A2 AYd= FEEHIG o=t
Al2BlST 2], AlphaEvolve: %] Al(state-of-the-art, SOTA) LLMS &-&3sto] of2] g4
ot 4 /4o 2R =4t dueEe Fske AE 2Z7bS AR 3 2y}

AlphaEvolver= 522} 8k

Table 1 | Capabilities and typical behaviours of AlphaEvolve and our previous agent.

FunSearch [83]

AlphaEvolve

evolves single function

evolves up to 10-20 lines of code

evolves code in Python

needs fast evaluation (< 20min on 1 CPU)
millions of LLM samples used

small LLMs used; no benefit from larger
minimal context (only previous solutions)
optimizes single metric

evolves entire code file

evolves up to hundreds of lines of code

evolves any language

can evaluate for hours, in parallel, on accelerators
thousands of LLM samples suffice

benefits from SOTA LLMs

rich context and feedback in prompts

can simultaneously optimize multiple metrics

AHE
7% &
s, 77

£5], 25 Aslo] Wagh
ae}, A2

o] e,

AlphaEvolve= &1

ojsh2

~8l 5|E{s} Bofo)
AlphaEvolve=

dae]s A FopollA,
A},
ES

I+ &9
wAloll et 7, 114

19| A8 AlphaEvolveo]| % Q3

Arol= o
o B = =N

dE SAlS wEA
o] #Al= Ao ¥t Este Al FIwo
%10115 =kl 14709 3 A g Eof

4 8= 9] HQ AlphaEvolve:s 4xX4 B4
AFoljo], Strassen® 1969¢ &1

= Agear
Ang d9lonl, oF 20%9)
pemozE giol U3

Kissing Numbers

oldg AMEstAR, SAlol she] Aol
AlphaEvolve?] A& ®HQ| ulo|t}. T2{i} o

\:lf\ﬂ = o O]H]»K-] oz 7(]—594]-5] o 7]. K]_«H—_ %}%6‘:_1—
o] st
12]5 AAQF AR 48Hconstructive mathematics)?] 2 2zl o

=A S22 Googleo] & A4t

wopoll  AFste iEEdA. AAK o=,

Aeo A 34] AF0] FFatol RS o] 29ict.

l—_ﬂa

o o
=2 =
g9 ot

ddsts 2248 TAlE
Qlt}. AlphaEvolve=
A SOTAZ 7RAst= AHut=

oA 489]_4 ZAuto 2
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Ao A= SOTA Lotete X
e ZAato|tt. oJofl= Erdés7t Kﬂ
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UpA]2to 2 Google®| HFE AES] oiefet Aol ZAl o3 4 7K 5HA
AlphaEvolveS A &3t “Google Z2|AE W2 A|AHES

"LLM 5ol AMgE= 38E 34 A4 AAE, "TPU YRl 4ts 3= FAg, ©
o] ofgllid A AP F|ASE. ol2fg 1 QAEL AVt AX ¥rEAoR
2, A2 Jfdolgte 0] =2 7HRIE AldH.

¢ o
2
P 2

o i g
Hel

o>
|o

w |m

2 AlphaEvolve
AlphaEvolvel: LLMo| tjt do] 52 et 9o A g Algxoz xgste 1t

e meodse MAKos JpUsiy Flgt EelFolct JY1: e, JU2 WY 1x

@ @ Scientist / Engineer
‘¢ Human defines “What?” -
Prompt template Choice of existing Initislprogram

sets evaluation criteria, provides initial solution and configuration  or custom LLMs Evaluationcode  with Comp‘onenls
and optional background knowledge l l to evolve

Problem Improved Y ¥ l — le —

i 1
definition solution i &k i -
| 1 e Wy

|
|

g AlphaEvolve figures out “How?” Program database Best program

! 1 !

i rich context containing ék l
. : ' | past trials and ideas e ! Distributed Controller Loop
rompt sampler | f
,,,,,,,,,,, ! R | parent_program, inspirations = database.sample()
programs toimprove proposals of | prompt = prompt_sampler.build(parent_program, inspirations)
and act as inspiration improved programs | diff = 1lm.generate(prompt) .
| child_program = apply_diff(parent_program, diff)
| - ;
- | roarems with qliality scores | results = . .execute(child_program)
= ! P gandothergeedbyack i database.add(child_program, results)

Program database |

S AlphaEvolve

Figure 1 | Alp haEvolve high‘leVEI overview. Figure 2 | Expanded view of the AlphaEvolve discovery process. The user provides an initial

2.1 At WA|(Task Specification)
o 7HEvaluation): AlphaEvolve= Z7]7|A AjAo] 7I=35F 24 =

qE e AtEoR Bl £ 9l HAUSS AFsor it o] WAYRL sfHe A%
2t Wl ABEO] WEoR ujysts ¥4 h2 Folx|n], WrAES Adssts He 7
stolo} gt hi DAY UP/2Y FALS 2= T4 evaluate2 PAEHD, AZe} 59
dictionaryg W3ttt g8 Rofol wet o] P40 AYe WY AxA F Ao T
AE I, FAAT AN SUF L Uk 238 A9 P9, A4 hi Qo= o
o Tadlh o2 Sof, Folml YRS WAL Jl5d & 2 IPZg AUA ¥ 0, hi
Aefel Aeg 2ES TS PP, Y YRS wESIEAl st H, ges T

g . h @471 MekE G 2T ES AP

APL Zcuo]x Ayto] A olg] P4 @42 FAld Fehsl: AU AAs] e,
AlphaBvolve: T 2%o] A|Atlo] FIatAZ) cho A3 & 9t 92l APLE A|RE
L )& Redolxcte] £ golshA o], Rco] A4 Hejz S4 of

- =
7(# EVOLVE-BLOCK-START 9 # EVOLVE-BLOCK-END)gt Z7}stH =}, ola]st s}
o

N

= Qto] mTE AREAF A5 &= AlphaEvolveZ} 74T £7] sy o=z AMEE D, 1 9
9 3 245 HZste skeleton HES oto], o]F evaluate FofA

©E gith o A7) TR WHE Fefolof SHAIY, T Tedt SFoloE &
5 Nests ¢ B Aa52 74" 45 o
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243 4279 M=o] ggt 994 AlphaEvolvel: 2 BAo] TSl ]S chopet A
oz Mg 4 Yot-Sal, MekEl meazlo] &% Felo] ohst AMS Wrishy] 93t
209 79— ]2 Sol, AlphaEvolves Chewh 2 ThoRst WAlo® sjAMS Flotaz
2 oolck RAAY Mek FRSAY 2AY e oY BAS AW Msk HAMS AL
WE Dsts WAL YA 54 Fele @42 Ak ARE AN AR dolA sEMe
1 A UEY g weasE A 3L MG 2N wudze Pl sud
(co-evolve): 7 &4 LuelFo] B4 57t g tS AMsts o SatEles dick che
§ BAlo] W2 HE CE R4S 420l o EaEolRke e LA dE Sol. S0
of BES] YL e BAl A9, Hot 1A% Fejz mALE Aol Uk WEA @
22 AL Zlo| felstthn st W, st Ael SIS sl BAlS A
ot WEF BN LRBL RS WYAlo] o aupsolct

2.2 TE1E AMEZ3(Prompt Sampling)
AlphaEvolve= SOTA LLME &8&3517] o], b3t

3 Fejel AEefet 2 FHAE AFL
%9 Flot mEmEQ] YR AUTh o] LEMEL m2 I3 do|Ejo] AdA AEYT
ool WAT of2] SUSH SA ol il ol LA WAL AT HAAo] hat A|AE
AA S0 UL ol2F WY a4 o, AgAE ZELES gy e Yo

Apylel mao) WA B ALs £ 4 ok

YAA BEAE: siFstels Ao digh AR AuE, Aol As wAE AA, 44

FE x7F, £ @ £9(0: PDF oY) 5o] =ate 4 ol

BHEA PAek S =017l fsll Ardol Alset off tidtesE A ®|ER At ®A|
el | et AR o2 Al (instantiated)= o},

AEP Y Fot Aap: detslog me sl AS) ZAxb, 12]1 evaluate 9F4of Qs EFH

ANA] LLMo| M7 Aotet x4 % PHAES

a

lo2 ol dlojeuo] 20X 35 Hateict.

O
5T

2.3 Ao]A MXA (Creative Generation)

Rst IS o]E7] ¢l AlphaEvolve:= SOTA LLM9] 7|%& &8sttt o]5 LLMO #Q
A2 ol et s dist AEE olsfstal, o] = ZH4IsHr] gt MEL TheFet ¥
HEZ AQtst= Zoltt. AlphaEvolver Z®of Lofhx] ofi=(model-agnostic) +x& 7}
RlaL QIR|gE,  Ad(ablation) ZAxto]] w=2W, ZJ¥to] EHi= LLMO /d50o] FTEL=H
AlphaEvolve?] d5= @/ == A &g 4 A@dE Fx).

£3% 3PA|(Output format): LLMOJA| 7|& A5 7stes 27T o, 53] 2 It
HolA YoMe, o8 AldS 54 A9 diff 25 AdAR Aestes /et
<<<<<<< SEARCH

# Original code block to be found and replaced

# New code block to replace the original
>>>>>>> REPLACE
0] 714 <<<<<<< SEARCH@} ======= Ajo]o] FrX 3x] mz 728 v|Fo|x A&ts] Ax|s|
of 5= F & p7toly, =======9} >>>>>>> REPLACE A}o]9] F & 7|& IS HH T

_9"_



Mz FZE Fgtolct o] YAl FE9 &
ot A& 59 ZEJF e AU, AL
AlphaEvolveE A7Asto] diff A O

AF2El nd(Models used): AlphaEvolve= oja] 7§ LLMOo & 1A ofAtE.S x}83stct,
_]

AR o 2= Gemini 2.0 Flash® Gemini 2.0 Proo] x3r2 &235t=0], o]2{st Y= A
o+ YA ALt 2ada BEE siHel 54 1Y #+32 7Hssl §tt. Gemini 2.0 Flash
+ A AlZko] ol § g £52 SHE BEY S qlonw, T AY EME = ofo]
gojol &5 S7MIY. Bt =2 452 7H Gemini 2.0 Prox (t@A0z 1FA0 A|
b2 Adsto, Rl GAZ FA| AHAZ|AY Fast =04t E 0tEdE & Qlot. ojfst A
FA 22, B2 29 ofolgoj g HristHAlL, Eot ZrEst wd3 Fof AAAQl Jid
7Msde sAlIg RN, AAAQ T wg2 FA sttt

2.4 H7H(Evalution)

AlphaEvolve?Q] ZIg} XS =As5t1, e MOz

o] A|etst 7k M2 siH2 AsCo= Frieoh. AR o g AL sl ojsl
AHEARZE AlEst B7F & h & Adgsts Aol sigstAlgh AAl=z= o] B7F g2 9 &
dAstal eeAo= ThE7] 9ol AdEdoz ARRE 4 e TR

& R
-H 7} FlAA o] E(Evaluation cascade, 7} ZAA): AILX}

= b AE
Atell ensembles A1 4 glon, A2 siyol oA TASAIA F25] FYT 2L
2 Ao oy SR B7PE AddEnt o= 7ol He ddEE Al4s] dedes
sHEd ot 2w side A4 HAES S8 £7] ¥Uhe woo. AL e Z27
HE 2700 27l fist AM EEY dAR 289

LLM A mew: 48 RN ARAPL Aleet B7F @4 h2s Zesh wYsh|
ofe-olg 5o HE =20 Tey-54 Sdo] EAh ojigt S5 Ex
LLM 285 33l g7t A4 gAadeld 37k 4 9lon), o8 &df Alets Rt
. 71Ee S5 o s HiAlshs ol AMgE 4 gl

W& {7h AlphaEvolved] AlZ §84 9E0, 22 s stUHES Hrtsk= o <F 100
compute-hoursE EU3t= Zlo] 71535HX| 9 7iE HroF ¥ Aelgx] ool AN At
&7t =i Alst duelzol A&AQ

AZlo] Fol5A gow, K2e Azt SHetE 4
Holg o2 Al MEstt Hol MHC UL & LoplN WrhE te 4 wAs
S ooled ol2d AYS W FA2Ed g vF7] 5ES B B4 AU 4 ok

+% A 4(Multiple scores): AlphaEvolves ARE-A7F Al5-st o] 71 X|#o] tis] FA|of
A ASHE 4 Q== R YP3ict o] 7|52 EAXQl JEX[HUE of2t A Ql JHR| = AdCt

£ HopoAl 22 AR|2 540 It Al&of thsl Pt SRS JiEste Zlo WA
o] UL, St 7IA] ATt E¥H5| FastHte o A BE A A Agot= Zlo] &Y =

o Mote d =g0] HE 497t Wt o]& ofotk, A2 o2 Hrt
Z|&EoA 45t m2IE0] Zb7] O LAY =2|5 ZHX]7] i Zoltt. J2]1 o]
Jot 1% 2 I —77to] ‘2279 2 AJojE tjrst=—9 AtHES LLMY| Alx
DEILEO ZIAZPOZHN, ¢ Yty ZW2 SH oy PSS At

L

ul



2.5 X13HEvolution)

A8t 24 §9 AlphaBvolve: 7} Am(M4et L2738 22 AuE oy

oz AT of sYse Alg} doleHlol A0 ARE o, olFo] LA ofojrjojs A
o=z MEEstA sttt o] tlolHyolA AAA A TAl= Fo IS XEHo07

= = o S
dgES AEA

7W/dst7] Y3t exploitationtt [A] &M FIHS ©&Ho7] YSE explorations +d UA &
Alst= Zioltt. AlphaEvolveoAl+&= ZIg} go]Ejyo] A7} MAP AE dy2|Eut 4 7|49t

=

AT 2ES ARt YA oA Aetet dauelEg FRistal ot

2.6 24F mlo]m=a}9l (Distributed pipeline)

AlphaEvolve= H|=7]A AL djo]Zzielo 2 L3lE]9 o0, Python® asyncio zto]Hz{g]
£ AR&RIH. o] mojmepRloA e W2 Al4tEol SAldl AEW, 24 AL o5 @AY
opA] e &A] of2 & ALY ZAitof] o&EF H% g Axvt U= Wi7bA] diZ]ett
A™ez, o] ¥l57] mojmafle HEEFS, LLM AE8, 122)1 7} =52 4R ¢l
of. AA mpojmetel 2 N ALt - te NS A st 4 £82 Fol. £0i4l
RAA AL o4 oA Z|ist W2 oto]tjol & Aotstil Hrtd & =S AAEIG

3 2%

S
HAl2 Y ALE 7H&sto M RE AN ARE I Lo o]27|7tA], |8 55t A
#E g} myto] fore S ueEi $8S HWRst: J|E Aol £ ol Al
2 He¥st IOt orialEEo] Fol 3akY HIAE A3 1 MN2 Belots WAlos B
dg 4 ot ol2st 2ol FA(FY e e VE 5= Aitsts O Besh Azt 419
+5 As] yeidith mebd o whE S 5 dadES iEsk Y, 54 "M XEa
walE oo} sith of BAIL BaiE wr) AaxsY, © Aeels 2EY oA dn2E
S ket A2 Aoz odEe ATEo] gtk Jole Byetn, Gad 33 Y A
o 4% 248 7hsst A AR ofA dEA A e A==, o] Al oS e
o Wale B do ek

A A A 2718k o, At & &4, Adam FE[OOIAE ISt BE FAL 7]
g dae]EoA &2sto], AlphaBvolves 71&E WSS S716he st |14 26l dale
5 Anz ARY & ook 7} AsE mzaAg Bolsb] 9l ol sl Pu B4 2
#5 AEstaL, Al 24004 25 BUF IWAAIOIEE 85l o2 WE A== x7|ehd
FHEOA g2 At 45 Bt te F VMK AlmE o]fojRlth: 7 Zmo] O
s 24E AAa PIAEF A 272 A 4), olF B2 E 24 AlE vl&(d3E). ol2ist 2
7t= AlphaEvolveZ} hill-climbing A2k AT 4~ Q=& Al 3h9]

.
NEpge wstn 44 98 k54 msty] sl B Al 2 &
2 05 T 22 wreAth 120 LuFo] P4 Ex AY Fao e 9
HHes gwst] 9fs), ol2ldt a7 AHe LLM ZEZEC] A

AlphaEvolveZt 7t ¢ &52 14719 Mz t& 2 54 5 ]
Al &3], & 719 4x4 FF Fo1r19 4%, Strassend] dilg|Es AMAACz A&
[A7E 4991 FaRjEo] Hey, o] FuEe R fieldof|A] Ahsetct. whH, 2719 A4

o
o By
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- 2ehy del: Fejo] s|Holq Sefst LAlol s 71E 2EYY de] PAHe thsof o

o
o e e MBSt AAY TS A4,

Jlstet @ = 2A

- Kissing number ZA: 11XFY Z7Mo|A] kissing number?] s}5H2 7|4, &9 o

of Aol B 4 A= 59371 FAR|A] Y= ©H ++ 4E Aoh TA 715 592&
1_
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T H(fold-specific) &

(o]
. 4. 7% (reference) A9 479 33 &

SOl ARgstal, UoA] 429 12 45 A HAEZORZ gt o] 2352 AlphaGenome®]
drtet = Bl Aol BA] Rob ElAE 19] Alis B o 5o AlgET. E OE
T3 AA 25 2R2 VIE sd e KIS seol AR o REse & RA
AR Hageo]de] wAb R A¥S et fAagHo]ld HAMAM =, AP stad o
HAet sdst +2S Sohe stue] S Rdllo], RAR SYE A NS uiEeR,
2E EE WA R Y Ee d5ctES stodnh ofet fAgH A nE2 4
Agut Wol &t o H(VEP) A= SHolM iAdE 455 B2 22 IATAR iRt
o] R sfite] ®iojo] sk ¢t Wio] sEttoR, nUYH e RE]Eel AlE {0
24 o5& 23T 4 9k Egh NVIDIA H100 GPUOAl 1% O]gto] AjZtoR o&5g 4
BL 4 odol, o2 Jie] =YX oR ofgd RS Yeshe 7IE YA BlEl tige
o] o5 AAoA i maKolct

2.2 29 A 2%

AlphaGenome 1Mb2] DNA A F3} & AEALS o=z wrof gokst FAIA| 542 9
Eot= Heid 7|8t mHlolt}. o] RHlo] P off St ToA =0} 2 2
A%, AR B9 S g2 Ao S YEiY= 1D E=, 2D AAIA] FF A=, J2]1 AF
2fol 4]l el o E(o: AZefo]A AOJE shg, AZejo|A APOJE ARR-E(SSU), AFejo]lA
Mot %)) =2 mststt}h AlphaGenome Enformer®t Borzoi 59] @Hof|A] AFotsto] #
4 9 o 7]9te] 139 -yIiy FA2E AEsL oW, IFH9] IA} AAE
&5t U-Net 28Ol I 5 of2] ARl of7[HA EAS =U3Ht. o] 222 o

e
)
ru
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S0 oAl 7HAl Y 14 845 ol FRE Atk AUAMY) 9aH, ERAmD E}
| Ay AFS AFQ B2 j E]:H:j x}o%(tagk)aﬂ Exaﬂ oﬂ: AlphaGenomeS ok 404 5x—]
o 7Ho] Sf& JHsdt mfetnlEl S chgal o] JpAIch QIIE 20%, MY EMAZD 28%, 4

B d2AR 25 15%, 39 25%, 23 g3 % A5 sl= 12%.

0l A J(Sequence Encoder)

AlEA JISHE ?FEJ DNA Mg 1bp oH*oE 7lo] IMb T 2% bp)ojlA] AlAtste],
ixoz thg AZAdT o B
3&%*% =o]7] sl 76871olA 15367W7kA] &
g2 mgst &, 7t B2oj AEstolE} 2

AFHO i F74d 24+ conv_blocko|t, o] &
RMSBatchNorm(J 85 Q1 v R] K“-H—_Q]—QJ— O/\} X
AFAAdnp SAlTRS A
2ALE 7HER AtstE AR, 0] U2 7}%
dowx, S w9 MAA Z7 F

Astol, of EMAL £ Al A7ate] At
A Az
27}

fujo r?i

e

2.2.2 EliAnD ElY
Q3T o]Soli=, Transformer E}$J7} 128bp SHA=9] A|HA AHPZ A2|ste], KA
IMb 4= HAHEAE Aubo] AR A FsAES ZEIH. o] HYe= 9719

Transformer 5&& A2 J1xg o|2o]x Qic}. z¢

wgo = 14 @ A(Multi-Head
Attention £, two layer MLP £)& o]Fo]A 9o, »& At} AZAE o] 9)
2E & 9 MHA 55 A&, 2048bp oli/dZoflAe] A m3o] A[EA AP S 7|9t
2 2713t £ 7BAlET o] Y BHE F2 AF A= 50 AFREY, Ao MH
P

A
olojo] Z7}EL bias o2& F8EIC} attention_bias_block a4t &Y I(F)S o]
B Sl 2@/l W £GT H, £ ABA o] 2A 16W(= 2048bp + 128bp) W
A AJEA Zdo] XFYE(8192)0f] @HET}. o] biasw= softmax ©]& 0] attention logitso]] A7
Halixloi, ol AlphaFold20lA AF&El 7|93t 9Atsict.

g25e mF EMAZO) MAS 2ol RelU Y3 B4
£ 28]2 EgIITH SEOIRS MHA U MLP 22 UjoA]

A
=2 T
OF% Hl&2& AMSrE Al 0.3, X|Al ZF(distillation) A] 0.10]c}.
2.2.3 48 JaRtg 2%
EdARY EHY E=7 wAPA O Z vjX|Eo] QO 0, pair_update_block T &2 EMALH
220, 2 4,6, 8¥0IA MHA 5 o|Mo] Asgslo] AY 9Ix| o] A FeAEe Uehy
L 2R NS £ASHL QulolEdith o] AE EHS 2048bp SIS HAI0] 12874
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Zol ulololx #o® JlofEth. 7 pair_update block® C}& ©@AES mwack o
sequence_to_pair_blockZ &5l AF UGN AHOIES 74tstaL, o] JHolE
o] pairwise AEIE Z7]8lslAL 71& ol CelAlth. 1 5 £ cirjjo] &} 7]ub
A (row_attention_block ¥ pair_mlp_block)S 4383t}

sequence_to_pair_block 4= WA 128bp s E9 A AHI(S = 8192)S HA4d =

= &°fl 2048bp Sl =R U SIS 2 S, Al $A AEFo] Gty 4359 ofF
A HAYUES AHESH 3E . FYL central_mask_features &

of oJsi A=Y, 32719 A|aAez A0l Hojl A2 dAls 7Ivte R itk 1 o,
A Aeje] wEgS BEHSH] Yol o] 32719 E/do] A A2le] R5E H3 BARES
oo £ F 64AH'2Y A md
oT=l relative_shift HAF
ot wge Eal wolnl
e 590 AF T2

o
ES
g Qe & sje EMAxo] Aeta

Arre o AAb A2 Wold Fvbe A
row_attention_blocke #t7] olslil tAUZS F@stet], ol PxP 4d BP & A
%2 oot AT 5, 2 A (1 ) 2L B Qo] gk BE YA (i, Kol 29 7]2o]
A dch @ WEos AEshe £ wA) ol 222 N8WL O, 4 Ao P
Holis 7lejstal Rati, 58] BA ot Bl AN aeAY AstEohs g AAA
oz =T ok FE AL o5 Hol YAH et HEHY] R Bl of
% pair_mlp_blocko| A= ReLU @at 49t 2 Ald =g 83 HEAQ 25 MLP

5 59 542 F7t= AT

2.2.4 A4 g3IYH (Sequence Decoder)

AP~ O2E DTl PES WSl v $Fo2 AFATE 5, 128bp Y o

Hd(EfARZD EQlo] £, 153681d)2 AiACcz o MEIsto] Hdalie] 1bp sid==
a

Sdstt, FAlol 54 AE s AAACR 20N T68AE = treth o] AYe F THA

of wreA TAZ Foh 2W=ol, 2 BAoke upres_block @Eo| A&t U-Net opr|e)
AolA geidoz Jwsol, dadt Antold 5 RN APH F7 WP

7} upres_block o]d ©AQ] &1} JAT oA 22 iAo sidote A% A4S I
oz ¥h=r}. A, conv_blocko] AHIPL] Ad AFFES A7 AZA ANd APyt DA|ote
5 20tk 7= VIR R, Aid AHY g4 E AMelshy] Yol ftRp dZo] 2= HhA
oz AEHY. 1 ZAis A|EA o] £ et 22 AMEY =edl. ol ¥hE WAlo
2 2380, 2 s £EER G Vs AleR AAILHEN. A0, JAEHA S
= 23 A= 73 yd] 1& 714 HE9l conv_blockg 71A AZjEch. A2E Az A
A2 olFA AALEE o AEY Aol Hoiloh. upx|afe =z, o] AgHE ®IA= oAl g
HouR AR AZo] et conv_blockE st &, OhF ©@AlE AGEAY FE 1bp 5
e AlEA dudo R gietE ot

- 105 -



2.2.5 3 3= (Output Heads)

AlphaGenome o}7|ElX|= Qlal=] DNAES °ldf, E%i&ﬂi, I S4AS AA ijg]é}
_ole] olAbEolA Eest Uy BHS AMMTH o] & oW(Se], AlEA Ao

9 128bp shAEel 110 MG 2048bp SAES 221 A Qe cal & w

ER2 oSste slvte] Hk ol 52 X ATEAT = AR WA 2R, o2 9

s gesEz otad dWHS Y a4 ol Fastel At

= J(embeddings_1bp, embeddings_128bp, embeddings_pair)& *3d&
A= AeSE dH3 Yok, ZF 29 slee A AR 52 sl B
F&5hct AlphaGenome®] AR

Go2 PAED, A4HA JEA AR AESIA e

Jo
o

3 E9](Discussions)

AlphaGenome 7lw2] &4 IEE dustd= AF1E 5 o TAAZIG, 07 HolA
729 DNA MIE2HE Ogst 7|58 {44 ASs sAlo A5 2 e & B9
Ldoct o] mwle 7 Ropo] Egty SOTA RS v wdl 5stAU O FHojd Hd5S
Ho|x0n], o]= DNAo| dsstsl 7|24 24 Hde]g dush sf&sotl &3 HoF+
Ao, B]E53t Holo] 7|HA sfAox F8&sitt. AlphaGenome?®] 34l ZHH & Sl
A0 HEed WHol g} o & For, o gt ¥i1o] xEWor Wi ofF w2l
AX Holo] e FAlo] HuIE 4 ot oje A2 FIH o F ¥ HAT &S A
&2 Ald Wolg olsfist= ¢l T4Aoln, TALL 2341 Wo] gupo] Aehst A At of
Ae 3 {8780 A sejdrt. olgjst 542 7w At Z2X 24 ME 845 FUsH]
A5 gl Aol Zd=sh Zi¥to] 2 & ot ®3h AlphaGenome2 AZ2tolA Fet
25 A4 E%‘%ﬁ}% MEZE 7152 ZF10 o], AZeolA]E Wallsh= ®olo] digh Bt
AAA o]l LAl o] S 7HsstA et

©]

&3S AlphaGenome ThFeh ABZ3 FopofA| @7 &8&<d Zojt. EAF g8 FofoX
+ AlphaGenome©] ZFE 7|9t AHZ 95t M7l 2

wet-lab Al3o] QX018 HHojE 4 ol S HAS FIchoA

¥o] 53 of % 7]50] ¥A|2] annotation mo]mLa}el

., ool BsrAst H|E 5351 Yoo Ost 2o Aot AHA=z= ES ) ,
AlphaGenome?] AZeto]d], XA &, I 2ote Ao st g9 o522, Azd
QEJAA geliRZeeEels AAY RA Eol& QA 7idyt 22 AE Md7A &
“in-the-loop” 2 2 E3tz]o] &8= Zo|c}. opx|ato g, AlphaGenome< DNA A ¥ 7|yt
o= gFH AY mUye AsHAdo=r A&stof, A AHE ME9 7|58 EH4S
AgFote dl =S & Aol

4 3% A7 £

AlphaGenome®] o5 552 of=] A7 ZopofAl Z&d & Aot

O AP olaf: AN WA 9 F&H3] o5 o2M, AlphaGenomed Aol A <l
= O BHsH A%ste ol BaS & 4 on, 58 324 Aud ®old] Jled ¥
H 2 eiMgesn MRe Ale Bils B4 Jteds folet. 5ol o W3y A
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g SWY £ Yt SBAN 2 AFL vlxlk ol Aol Matsict,
@ ¥4 B2k o U o5 At % £8 /15S 2E ¥4 DNA AAd 289 4
ML HlEYSH S 4.

5 248 ujgstn, o5 o
2 &sk o P F28 DNA

VS|
[e]
242 AEste 5 SAA0 ofEt 2RAQ old S H4erE 4 Utk

(5]

AR
H]5 AlphaGenome©] of2] HHo|A RHS O|fAX|T, ofs] 7|&9] ANE 7|W LA
sod HAE ot flon, A ApAY A& YYo= otAZE EAfettt. 4, 102 F71%
o Hojxl FAY =2E 249 JFS =] ZASH: A2 o3| siZstior & atAolct.
o] R =4 H ANx 58 SoJAd Al EHRZ o Ak 5T e AARL Al
E

o

Fst Sh P

Z 317 Ayto] 24l £4 Sold wWee RatsiA AR, Atel-Sols Wo] ang o
55t oo oixis] oj2j&ol Ak @ AlphaGenome 1zt Ao Zgtwlol glom,
B =RoAe) B Hoh £3 £2 97k o2 stk £3h A9 REY Ak o
S0 chsiAt obsl WAob2 £3skA] 9oron], o]t o] Rofo] BHSo] FEX O J}
A= & 423 @A"olck oiAlZo 2, AlphaGenome $olo] AP Awe oS5t o

% o =

A Y, #7329 5 MY N s o5 WS doldt BRe AEE wye 3
staL 9171 wheolct

o3t AASL HASHe AL FF AP WIS WY o Fasih 2oy A7 Yo
2t ohgut 2o igol ok ol o59] WEEe FEE OIS Y5 A S8t B,
W 43 ololelAlo] tiE T, i GANE dole R 2o A2 B8), o §e
Welo) o] mgele] EY(I2 Sof, DNA wlgsh DNA/RNA 744 S4at 2o Au
Z7)), B9 TEAQ 4% JQA(EIZIC), DNA 9o BHlo] &g, obF &, 121 4y
sfoloj 22 WA 913t Z7a 1Wo) AW). 3, AlphaGenomed] o5 ZutE BE 7|
W A4, AR 715 U AR o3t J1E dlolelet BRstt e, Ayt welet 87 o]
g og WHAIE o 85t

grott 2, AlphaGenome &4 Alxy #AS 9st sty =i wdizx, DNAZRH
Bt 7131 Hol gut= of| &5 = =z 0o 5 , 2
o] F&3t E15 Agsttt. a4 2=2, AlphaGenome DNA A Hoj otestel =S4T

.
NE 3RS s)Ssleie Bt uolst Bets 2Rg 9 7]AMQ) WAl
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Al Ztatxtel A4 W8lg oJst 7
How Far Are Al Scientists from Changing the World?
Q. Xie, et al., https://doi.org/10.48550/arXiv.2507.23276
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https://doi.org/10.48550/arXiv.2507.23276

°ANE AN, e ook XEA o, Al st 15K egoldt. (2) ool

Jog WA Lot} o] Lo Al 1A}

kil ch

A|AEIS 71x=0] RI=3lE]l 915t © H3l= SHA] Exlo]t,]-_ (3) 7&-‘%‘ E;_l lg_]—%.: AI7]. }\(1)-]1\(-)]
=
O

s mebA pde Asti AAoR whEsh] s ARe MARCR MA PR BAsE
%aﬂﬂoi,Alvoné st ofo oA AFeA st X|=02 XNIAI]|E dshe
gt (4) Aok Y& A o mewg yjgtog HAA A 83 A&AM07 FYAT= 5
Yoz, £7] trfe] Al YL 4t BetA ooMER wrAlsl: o WAKolth of7|A
v ool 5y mAYae] WHN AA| AFE wTHOR BAstul, AL T} Also] o
AR EAL SrSolUy] s WA MY PR AN BEF 9ASS AEa
’ Mature
A Mature Al Scientist
e The capability of
\ Al Scientist
Level 4: \“\ Early-stage
Evolution/b
Level 2
The capability to generate novel
el }
The capacity to acquire the
» Knowledge Summarization foundational knowledge from
 Hypothesis Generation existing scientific literature.
e « Literature Retrieval
" - Level 1: * Model Preparation
# - Knowledge Acquisition
Figure 1: The capability level of an Al Scientist, illustrating the progression from foundational knowledge acquisition
(Level 1), through idea generation (Level 2), rigorous hypothesis verification and falsification (Level 3), to continuous
evolution (Level 4). We outline the core functions for each capability level.
UM AGst ST HEsto, Ode A=t dut, 2]y AR S0l EXgTHFig. 2). o
71M= A Al pebAr Al Aglo] ZhE XAl & E(2%F), oto]to] BAH(BE), BF 2 WE(4%)
S0 gigk 7|& AugE AARCcr AEst, gusel YHES 24 538 2500 g3AIA
Helstch. olof Al 23] AlARIO) WA S Aj@stiL, #AHO Al Gatal A AHlo] S0z
DEAC] WA WAL 2B o] REJL Holxt UFH 2AS ANTHER). ol
& IAE F2P] YshME Al etat Al Aol sk LS 23 Zol WA o,
ot Wt AT Wt AWsHs WFOT UYoprpy] et Al gaolch £3 Axf Al
gatat Aot AWE =3 BAS(R)S ETHOR AHED, FF AT PF YLSE
e =oPoRM, AT ALA B3 ASS P YUY REPL AT
2 x4l 5
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o ¢! ol
IEAA el AZE "Ests 25, (2) XA 2&5/Q0k 1Lx5lE EAS wEG= 2
30 o

A LLM §7% olMol=, Al ssbat AAele] 712 Ade olu] AP #AS W ,
Ue AR ol RESol A4 HE WA R W YIS

oAl Al Watat AlARIO] A4 HE ATE LLM of& Alth(Eha 20204 o] H)et LLM A
th(20209 o], GPT-32} 2 e S o] F)2 PEatel Aajaict.

~ What have we achieved?
PLMs and LLMs have enabled automated retrieval, review, and summa-
rization of scientific literature. RAG and multi-agent approaches further
improve context-aware knowledge discovery.

Knowledge acquisition
r_ ~ Where are the gaps?

Al Scientist systems struggle to accurately retrieve, integrate, and syn-
thesize relevant scientific knowledge from vast and diverse literature.

~— What have we achieved?
LLM-based AI Scientist can autonomously generate scientific hypotheses
across various fields. Automated and human evaluations show LLMs can
propose hypotheses comparable in novelty to human experts, though
feasibility assessment remains challenging.

— Idea generation

~ Where are the gaps?

Al Scientist systems struggle to generate genuinely novel, high-quality
scientific hypotheses and to objectively evaluate their potential impact.

Al Scientist }—

~~ What have we achieved?
LLM-based Al Scientist have made progress in automated experimental
design, code generation, and result analysis, especially in computer sci-
ence domains. LLM-based agents now can propose, implement, and
partially validate experiments.

- Verification and
falsification

~ Where are the gaps?

Al Scientist systems struggle to design, execute, and validate rigorous
experiments, especially within collaborative research workflows.

~ What have we achieved?
Elementary mechanisms for iterative improvement have emerged,
including self-reflection, reinforcement learning, and externally guided
revision (e.g., human-in-the-loop and multi-agent research communities).

L Evolution

~ Where are the gaps?
Al Scientist systems struggle to dynamically adapt research directions
and autonomously learn from feedback, thus limiting their capacity for
independent innovation.

— — /M

Figure 2: The current capability landscape of Al Scientist systems across four progressive levels. We summarize the
current achievements for each level and highlight critical gaps before Al Scientist systems can autonomously make
ground-breaking scientific discoveries.

2.1 LLM o]A A|tj WS
A XS 0] AF%2 PLMs(pre-trained language models)S Hof E3} X|Alo g OjN RA 5}
of At 270 T BAL StHAl7l WAO2 AFEstH A4 HEoq 2 A
29tk o wAEL

st =S
= T
of, ol LLM 7|39 5 A wase] SAY 4 9t /Ivhe ohisic,
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. LLMo] SA&r517] A, 7] AF=gtEl XA S5 A|AEIS =g [
A2 PLMo] o] &3ict. SciBERT: 1149t Ho] =Fo g Apdsh
2of NER % 918 25 Ao Zh3t 452 woln Eol

TR R R
&% 2|x9] PLMOoZ,

7 T} BopojA] o
=]

B oo Ho
A et

TAt] A 82 FA 4. SCHOLARBERT: 221B E29] &% EHlAER A o}*gq
st 2319 FW o2& FA| 733t ClinicalBERT, PubMedBERT, BioELMo, BioBERT,
BioMegatron, BioM-Transformers, MatSciBERTQ} 72 Hof E3t ndlE: =4 AAHAH

=ot-otel FmAR ’\W‘#G. oj2|gt RHEZ2 %LKQ}Q HAE U}O]uoﬂ %0}@] ﬂ’%‘ 7

4y, AFAE0l Y AT AEs RHRIN AN FESE WPEs grEc
NLP-progresst}t Papers with Code®Qt Z& folg AAS &858 = w&Ho] 0]o], SciGen
o} Numerical-NLGE & % Ao o] ; S5 LEEC RS
lPle BFEL U BR WA AL BAE Zoz celdch o) @l AHue 710
et iR mEEE ]—‘T——OV\IK] doron, ¢l EHEY WX Et LAY BHH,
SCICM2 tfegh Fope] of 240¢t 7] she =52 ZTole 371 A arXive AHsto], H

2 S gtHstth. SCICMat §ARSHA], TDMS-IEQF AxCell= A3 ZAit AEE
F&sfo] "Task-Dataset-Model” A& &(triple)zt A& At 7|HE &&oll Also2 2oy
c2 &3t} o33t ¢l 522 TELIN# ORKG-Leaderboards 2o 54 IS5 sha
=

on, A4 agdS A= T3 FAE BojE

2.2 LLM A|] 9¥E
LLMS Al m}8I&} AJAEN
A =7, ofoltjo]- 4d &
L, AM AYeet oF #A QoA

2.2.1 3 AMaL M

ATAISS Chg FHN BA Y} AL

d sgX0o= TEY MY, AT + 30e §
ste S Al~’lS e Sto ols A+ S, PaperWeaverel 22 A|AH2 ¢ HA
mpojmefel [ure] off ofYyf TAE Ad¥ 4+ Ao ol AAE viFgo=2, DORA Al
Scientisty= s A 35 v} =32 SPAIA T O
o= 25k, 2 AlAFo] &gt Ake/dE ZE A2 oty o) CodeScientiste} 22
WAkE 2 A 3= oAs] otolhof A TANA AREAPT Alset =2 S50 &SI
5. At Ateer R e 2 Eds 2/9sks ol oAs] »AVE dor

= )
W39ttt Schmidgall 58 arXiv APIS &85t =22

Wl
A a
&, A8 Ade 98It I, Jiabin 52 arXivold Q1§ S4TF g2
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COI(Chain-of-Ideas) ofjo]X E
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i a
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ZAE EFold FAsto] AFettt. o) Wang 5 28t oA Aoz AME wig A
92 7oz Ajelo] /b4 Agstt SCIMON Ze99la8 AQIgych. SCIMON: T5 2
= in-context & o5 et ool WY Sxg mRlRdstil, ole vrEA F|As} 7y
S B3| AAHE 719 NREES %‘/\]E,QE Zratstct. gt Al Scientist(Lu et al., 2024)=
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tt. o) Yang 5: MOOSE-CHEMO|2t= LLM 7|8t HE] oo]JdE mAdd3S I (32
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AHEs B7F Y2 BEF LLMS Abs HIMAR &86to] 71Ado] FA-S Wttt o) Chai 5
2 Claude 3.5 W&-g Af&sto] 7} 7PES 873 /A FA19F vlastal, w3t A7,
et B, Bede AR =A] sttt Li 52 Idea ArenaZf= pairwise 7} AlA
&2 A=, o714 LLM BAGAPE 7HdS Al vlisto] &5 7], 2F 7 A2
Ldo] ofgk ELO A48 AMst. LLME FI7IR2 283 ho] ds2 315 tolEe gy

g, WA 2Rl Ee, g7 A S ot addl sl g U

K =

Table 1: Commonly-used evaluation criteria for Al-generated scientific hypotheses.

Criterion Description
Whether the hypothesis is creative, distinct from existing work on
Novelty . o i
the topic, and offers fresh insights.
L How practical and achievable the hypothesis is as the basis for a
Feasibility

research project.
Clarity Whether the hypothesis is clearly stated and easy to understand.
The potential excitement and impact the hypothesis could generate

Excitement X
if pursued as a full research endeavor.

9zt WIH= 7S WoHsHS gold standardo]CHARA ABWORE B FHHA e
A97} w7 B). o) Hu 52 1om91 8ot fide mastel, s Algdt AAA E
A 71zoz B Ak E3, Si S ohlw A7 A7E 2P, 7999 ALt
A7rlE 2Aste] Al 1 EAGH %7} =9 otelciel. Al 94 eloldel, Azt AEZE A
2915k5t Al A4 ofoltio]) Ztztol A 49749 ofolcjolS el Este® k. 1 A
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2, LLMo] A3/t ofojgjoizp 17t MR717t A/det ofoljojdey A/ oM of w7 H7t
EQAIRE A Zhe oM = oA W gotE gl R Aol ARV HAE A
AEE 283l 7Hde EAE Bre7le s o) Qi &2 BLEU?H ROUGE 45 AHgst
of e 24 3% Az 9 Hol 44 4%=5 543 Yang 52 Matched Scoreg
AEiste], 67 Likert M=g &3l A4d€ 7Hdat deff 7hd o] RAt=S Albsih
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o 2" FHY A5 R ¥E sHoZ 575N, old disiA = 420N GAls] =9t
4. A3 w3

Zo: 0 582 A d4dst fet™ Jid= Al S HARLZ HSotl BHE6t)] <
of Ass &, &, =A% = QI 0. Sol, 372 A0ISE 2EAI = Y RAZ,
Al ISt E B8t OtOICIN MEX0AM NEXH Wtst Ns2F BstAII|l= He =S 8t
AR Al A JhEol oiet Bobe S5 Ad 7h5d RN R At B mAFR ol
SAE gAlE Amo| 3A oFstu itk of FTWe AR AW AZo| AFY
e AYH JUe BAROR Hosin dou, ok AF/ME Yo WAN AT 3
Zett. 7S AgAor HAESHY HE5h= s3(verification)wt, AUsHA A5ty gt
— X M E L oLalo w2
I(closed-loop) et HAZ »4T 4 Qe LAlet Al wfstxps Ao|st= s 40|t

=
43 wHo2, Al halal A|2Ho] Wety spae
|y

S
e 2w Y e o

Val 1
a LS L. o
&% A FA0 gyl neson, — —e
Type Total citations Avg. citations
ARF o Austy TEAQl o2 9
= © = °— = Without Implementation 216 10.3
Xst 9tk oE Sof, Al WSR= With Implementation 325 25.0
A= I AMATD =2 AKX e B N :
e 3= AP of 278 Vs 24 Without Implementation
s AYS MAAStL AsisiY, olE & 214 With Implementation
- - - 18
s & Absehe 789 (open-ended) Z s
aerA W7ol shsetet E 2
& ol
JElt s 9w apge oldsl @ 6
A AL SFSER} A ARLO] Qlof FQE q
0-— T T
Aloltk. 2025 5¥Y 23AUMMX] arXivo Fall ‘24 Winter '24 Spring '25
A= Al yshAF 3 =38 BEAs) Figure 3: An analysis of the number of publications in
A2 72 30 Bt o] Hofo] & tk.xe field of AI Scientist systems on ar).(iv. The upper panel
displays the average number of citations up to now, cate-
oE v S7bstal len, ofojfof gorized by containing implementation details. The lower
% = = o5 anel shows the growth in the total number of these pa-
Mol 24 9E At 7Ee = P g P

pers with the same categorization.
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Figure 4: Three paradigms of Al reviewer systems with increasing complexity. The process begins with (1) classification
& scoring systems that provide quantitative outputs (e.g., scores or accept/reject decisions). This paradigm gradually
evolves into (2) generation Systems that produce narrative review text. Recently, a more advanced paradigm employs
(3) multi-agent Systems, where multiple AI agents collaborate to create a comprehensive, multi-faceted evaluation.
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5.3. @A Al iR} 2GS FRoiA gt
MEAQL AL Boba} A 2510 ol
q A&H9 Aske AT 9SS HANCE of AxE FYRAS] Ash. e £ Al 1
SpAL Aladlo] PR B} AR R

v O
AHgstol WKL BARY ERoke BN
7

2o YrjHoz nEA An WP 4

o
T A8 Aye] 23 PEA g cefu

Asole Fstl, 24 Zi= X9 At o
o FG7F 21k 7Y 52 ASS W2 AARIR Table 5: Twelve major defect categories detected in
1 m = the 28 assessed papers.
AR w108 ol 4.63%0] =atsto], R PP
_‘-";__.94 }\] iEé!% O] E]—E‘]' Eé}ﬁ L;% 75:-1] —}l\‘g 7 ] %61]:1 Defect Category Number Percentage
t}. olgist F& AL B, BE, 7|9 & Experimental Weakness 28 100%
_ - b= a o _ _ Methodological Unclarity/Flaws 27 96.4%
0_},] Al K] H ﬁ‘ﬂ‘oﬂ /\i 94 -5 ?:.PE “ﬂ_}%‘ U Ur EE?_]' Writing & Presentation Issues 26 92.9%
= Novelty Concerns 25 89.3%
R =] o] R

Bt Bie ARY =2 Ehd 127 2 Theoretical Weakness 24 85.7%
A5 HHXR2 3}olsi o T 7 = “AsA Literature Review Deficiencies 22 78.6%

2 RS gdden(® 5, 1 3 AHA Practicality & Robustness Gaps 21 75.0%
OFA] e gt =3(100%)oA] &EHE 9Tt o] Reproducibility Issues 20 71.4%
_ — - - ~ Computational Cost Concerns 18 64.3%
st E]_‘;‘—jﬁ 7,3:]%]‘% Alsl A7 Alsll A} BAy Component Analysis 16 57.1%

= - - Hyperparameter Analysis Lacking 16 57.1%
|

ralu % Al -‘} %}K} /\] L\‘Eéll 94 ?jKH __l"‘ bl Faj} Oﬂ Ethical Considerations Missing 3 10.7%
A7k S} 9188 BolETt

ZIEf 9I¥isH Yeue EAlEs "UHER SHed/2T796.4%), A R 2d &
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o] mdo] gtZH(Hallucination) @4}

A4 20249 119 ChatGPTY S42 We ARSI $40= thlgton, Atjelolnd
of os) BT WES WA NAT & gl et e Foprl Wags WA =
49] “#ZHhallunication)’ |2t 22lt AU EHAlo] A IAEY £54 e HA
LLMOJAE of&l5] A 4% 9lct. ofo] LLMo|A] 7to] whAsts el EAM oz A3}

€ &2 sttt

Why Language Models Hallucinate

A. T. Kalai et al.,
https://doi.org/10.48550/arXiv.2509.04664

A2 AGEAS tasie WAE, dig ol RRA(LLM)SE= Zilo]
a o =

d o
L A58 S0 BRUYS AN 1Y £ SHA

oL
|
rO

i
)
ol
=
o it
)
re,
ra
i
(@)
i
Y
N
lo
o
lo
rr
(@]
N
N
Mo
W
g
i)
N
N
2 [‘L|Zi

I |fo

o M ooR > rlo g 0 HU rfr o2 o rdk njo

(binary classification error)z2YE] 7]olstc}. wiok AbH=] X)so] APA T} LEHE K] QO
AP eREE o] oA = AfdAR R AR 4o
E | A&EE o7 iR+ 3 2 2
Al SARHgood test-taker) 7} = x|As}wlo] glon, SSAY 0 FEo=
+ d = =7 giEolth. old =AY H
=0 M2 &2 371 A BE F7i6he A2 £ =
HEES Auisty Qle, 2AEsH] dEH(misaligned) 7]& WIR|op39] AHA YAlS
Sh= At3] 7]&A R X(socio-technical mitigation)o] = Q sttt o]=2ist ¥H3tgto] HTh
]

ARl0 0] WAHE o]F 5 9IS Folck.
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52
Ir
L
o
ol
%y L
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=X

= WsojUl= Aor & dyA qlon, o BHo &G AlRdS ASHAIXIT. o]2igh
7 732 "Z(hallucination)’ol2t =2 AT, QIZte] A|7A gziumte dEAoR Ch=

ARt HAloe 245k, #&22 Aq4Rs] AFAls A+ 2orE UEs|L glow, FAl
2:3(OpenAl, 2025a)9fA = of715] LAHT

o 50 U Z2 TFLES V2o EA:
“What is Adam Tauman Kalai's birthday? If you know, just respond with DD-MM.”
Al o] SYAQN AlzofA, AT QEAA Yo wHl2 ZH7F ohE ARE gGARl "03-077,
“15-06", "01-01"& &3}, v]E "wg Aol= EorAl L2t = AAIZE A Sole B4

ok
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stal olot. AAl2 FE2 7F(Autumn)of sigsts Exct & 12 olE o S §

Ejo] &7t Al g ozt

ChatGPT: Adam Tauman Kalai’s Ph.D. dissertation (completed in 2002 at CMU) is entitled:
(GPT-40) “Boosting, Online Algorithms, and Other Topics in Machine Learning.”

DeepSeek: “Algebraic Methods in Interactive Machine Learning”. . .at Harvard University in 2005.

Llama: “Efficient Algorithms for Learning and Playing Games”. . .in 2007 at MIT.

Table 1: Excerpts from responses to “What was the title of Adam Kalai's dissertation?” from three
popular language models Pl None generated the correct title or year (Kalai, 2001).

g1 9o melo] WSols ©F FoAE W shy g@oz, ofF Asliole
(computational learning theory) (of]: Kearns and Vazirani, 1994)S o] &3 duvtAlel 3
Bz 2AF o7lhE, ofe U AY Edt “§adhvalid) £A2 V, 1ojm 1253
+AFE AY X = E U VE 183t o] =72 @R/Y &AA E45 A6, 21504 :
E£35] 31E5SH AA A H(plausible falsehoods)?l #Hztol] 2748 9t&xch FESh o] o]2A £
o= Qlo] malo] Sgslof sh mEmEC] AdE myt

Aol BHll2 2o & ofAl(corpus)ZRE dol9] FxE 5sh=dl. o] HolEo+ 3
Aoz Q2o wrEmlz] A1Al(half-truths)o] ZgE]o] 9lct. J2ju} o] =22 3 gog
7t @b¥s] @ ot gldete, F9 54 Sra(objective function) AFA|7F @ F AdS FEe
U= AS BoRuAt gttty dAAQ HolErt oftte] /5 madsti oW, AAl *F/&
2 o 2opd % k. Mty o] AolA MAF 97 WA steklower bounds)e HE
A Alkrelgol2(Kearns & Vazirani, 1994)A1¢ ALAQ AN = Fast.

]

< dYHAolEAM = g2t EAO] FAA AAEE Aed 242
(reasoning)o|t; AM- X 3](search-and-retrieval) 7]8F 910 mdlo = L}delé}ﬂl Aagn,
th& o] o|&(next-word prediction)o]u Transformer Z]¥F Al7Fqo] EXo| 9]&5}K]
2t @A dAdiA Y mgde & W7, & AMdStG(pretraining)yt $&StS
(post-training)9r2 112ttt 37ho] B =x)7|(taxonomy)o| A= (Maynez et al., 2020; Ji
et al., 2023) AR  &ZH(intrinsic  hallucination)y} QA& -z extrinsic
hallucination)& 25ttt olE &0 UAA 212 AREANS] ZERE XAeF Rakl= 4
orh

“How many Ds are in DEEPSEEK? If you know, just say the number with no

d

ror
ol

commentary.”
DeepSeek-V3= 109.]94 =g Aol Al
Sonnet &A] ° 7 22 o] H|RT

gk YA A 2}7—.}—“}‘1 ofyz}, & tlolEL} oJf AA Y}

L dsion, Meta Al Claude 3.7
e 23k o] =29 o2 °lF
Bk QA SHtde RS Al

CRiles

1.1 A}A &t (Pretraining)0 & 9QIst o &

AMASHS TAoA 712 Qo] ™ (base model)S WHTist BIAE RX]2HE] Qlojo] B
S srgstth o] =22 &3 golE7t ¢Kls] @ FBUF glEete, AMHSIE & A ASEE F
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AR 24 g4 fj2o] 9ol wilo] 082 MAH] HBe wolct o2 FuWste AL T
stxl 9ith o2 Sof, ‘g4 ‘w2z1&UrHl don't know, IDK)2tugt figsts ma out
QR Qe WEAS arje orlstm AFstE RS Q2= Usx 9] ot
L RSERPAYS 1=
\_. 1 v 1y

0|5 ol 930 927} WS Hoa y|fE X2 Muystc}.
o= s, 0] Al B = (binary classification) 2&|ete] ATAdS HASIct &, “o]7io] §
g sHvalid o HHo17?"ele AR S M7 ¥A &gt &

o] 75;—5':01] “o /ot 2 o= ZEct ¢ ofFct fustH AlA 1A (generation)
B ocro] Tjsf ‘o]7lo] S&strp?Ye BA|FM oz mthsfof 517] mjEo|tt FAMo =z
1= IV(s-1t-Valid)2t= o|Fl 75 FAS Aottt o] ZA9 st HolHe %2 &

O>'

f

go 10 @ N mt
N,
>

3'H(responses) 2 o]Fo|A Qlow, 7 SH2 fast 4¢ FHH)ez, 2F/I 4+

=)z Fojsdei(2d 1 Fx). o] WAt (supervised learning) wAlIA, &8 %
Alg HlolH = &3k Zo] 50:50 &%t ol sttt faETh AAl(+)= AMEEE diolH
(25 RRSITHD 7Pl 10T, QR(-) 0F WY E2YE FUsH PAR A
ek ol% gelo] elo] Bo] IV ¥&7|(classifier)2 AL 4 982 Btk o2 55
Ot 22 284 #AE &5t (B8 LF8)=2xX(1IV 3 /78).

Aol B2 AR QR Z2 o8 FRY e /s O & Jloy, BE FVF &4
S oyt Ty IV @ EE(misclassification)o]A  AiAd(generation)C. 29°] 3H
(reduction)2, AA Q@ =(generative error)?] EAA EA8 85| ¢ =22 #Fr}, o] &
A2 AtAlstso] o2/ AlgAlo s Q@ FE JFUSH=AlE BojRn, E3F o] B2RoA &
£ €27l AR aclo] Qo nHof o7 WA= U5 AHgtS U5 2 d
7+ A+l(Domingos, 2012)= ol2fst @R/ /o STAQ Al FHaligt. 1d (L
©5)2 ol2gh aflg AR o s Uetdth: R-2d5] L7 7hset HolE(R 22l A
] 7/ 7hs). 7hedl-99 "HEE AdeR JEstels fAASE e, ofg-ofH (HAgh
& (epistemic uncertainty)g = 3lof

T ERsAl e

Hlojgfof mfEo] 3

Valld_examgles + E.:rrm? examples — ,+ ++++ Spelling
Greetings. Greatings. = + ++ (good model)
How can I help? How kan eye help? Sk ' + +
= - | +++
There are 2 D’s in LADDER.  There are 3 L’s in SPELL. = 4-:1 +jrf+ _Counting
. . . 3 — I -
There is | N in PIANO. There is | G in CAT. : ! +il++ - (poor model)
!
Mia Holdner’s birthday is 4/1. Colin Merivale’s birthday is 8/29. = n T .+ Birthdays
I don’t know Zdan’s birthday.  Jago Pere’s birthday is 8/21. tatr ,'*+ + —ir+ (no pattern)

Figure 1: Is-It-Valid requires learning to identify valid generations using labeled + examples (left).
Classifiers (dashed lines) may be accurate on certain concepts like spelling (top) but errors often
arise due to poor models (middle) or arbitrary facts when there is no pattern in the data (bottom).

ol2|gh &Y FAIWHS A= o2 g9 AHS OFEd J|E dE st o &
Kalai®} Vempala (2024)= tjo]g o] 5 715t oiEl

SIgs Al do]o] ApAl(arbitrary
facts)oll thgt S43 4 —5 oAl dgH " 27 oA—F HRoUL. XA IV &
o] olzjgt 495 xosin, 150] AMAIg &ZhE SIghS O] =ETS B &, AN
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ul SAst AbAd(facts appearing exactly
once)e] H]g ol4to] Erk= Zo|ch. o2 Sof, & Tolele] WY Tl A F 20%7t
S

1.2 9 #ZH hallucination) &4t (post-training) ©0] &0 & X|&& =7}

5 ¥R 2AQ 245852 7l 29E Auststs Bgor, £ S4Z &0

2 st ApHeR: AubdQl 05 HVhe rhRoirie, B Ao

dlo] B3tAAg e EIsAL “ma2ASUKIDK) 2t @8t thAl, atealA] 2o
o

rlo
rr
N

rlr
£ >
2 e o

282 AR
(overconfident hallucination)g AAsI=AS $H8Mo0 g EAMsich B =3
SOz gHzto] X[ &&= o7 A2l 7]&A(socio-technical) AY-& A|AlstaL, ]
A7) 9 YFe oty

B2 Welold 7t iz J™ssh Sele
Ao EAlo] gl T AmA AN IS

L
*

ug Aol gl k. PSS
S(guess)2 stAU, Mad EAI0A

- T 1 L N
+ AHle #hlo] gle et 2ZXSH U(bluff) AlEskE oith. do] 2R HA] o]}
FARRE BT Ao HAEHD £ Fe 2%, "Agold 14, ¥ F5E DKe 0=
AR E]= o]x1(0-1) H7t A|Al(binary scoring scheme)ofA] &HXlo] Z5= 3=

> E2
o flo
=)

ol 71 Fas Idisteitt. ojdf "Z2g(bluff)’ 2> &5 wt=siAl At
=01, tegold e et "9Y 300l et Pk ot 2

2
5o} gloof, &

ot
in)
i)
rlo
S o
2
Ha

dixjop27t AA m&shE A7F Al¥(standardized exams)dt SASHA AA
8t % (accuracy)} E1H8(pass-rate)it 722 o|xl x| E(binary metric)2 AFL3stch wabA

Lds fxjop=o] 9y zAsteh= e, A $71s FRohe HAabs etk AUt
< & ¥, & "4olek= gil(the school of hard knocks) oA EA/d-S mdshs 9
S wi2ch Zeju o] me2 tfRRo] Hrpt Bl BS EBoloor ItRsh] o
o, &4 “Ald SAl WE(test-taking mode)" &2 AfFttt. Q@7id], tiREEC] F7l AlEe &

Al12]/daf ghao]&] QJA] QhtH(misaligned)
o] =1o] AFo2 o]xl A YArlo] &t A= FASHA] R3tcts AMMS mpetet A
2 ofyr}. T2t 7]E9] 7 Hrt ALE2 UAR 3] oj=le "Yush #7F gIHperfect
= ]

hallucination eval)' 2 F5t= O] XS5t 480A= o]7lo] L&A Q] sfZAAO
2 #4to o £Re WAlsl £0 W} YA5ol $9u4E Aee Fololo

S XA B9 A7} 284S 2ut2s] mA|ste] AR §71shA] oFs AP ¥ (aligned)
dolatn 7PstAl. 2d B: 2wl AQL QAISHA|GH BEHAlA or

o

=2
g mojct g4 REUTD abxt of AP, hreel @A WAL AFgetE 0-1 A
}\
!

1

e
E§94

lojAl= ool B} ool ARt o =2 AH29S do|A ot 3l
9 W (abstention)2 &Hasl= ‘A (epidemic) S TFHSojWiCh welA]
Z7bste Aozl o] BAZ AT 2 Qict 2aAE

_‘1

o
=
UEE, 1o Zg WIl WAl A S LAslof St

ool o3

R

ful
Bl
nE
ol
=)
Ba)
5

i

o31o] 7]o] (Contributions): 0] =22 37FS oulsl = EAA QOl(statistical



o127\

drivers)S AFA 0] +9 E
A oo "mE27Gyct
Bl o] Qo

st
EEERL
(DK} E8slo

) sh7to] WSt 9 bk g2t 2Ao] o)
W 717 LS At AREASolE BPotn offs] #zto] Al&EL o9t ShzbA &
19] g r

(hallucmatlon like guessing)o] TjE¥9] =Q “47}01]/# BAE] gi&Y
o2, Moz ous wroz &

m
(o] [e]
(mitigation)2 Wobd £ Q= AR WS AlA| OJEJr.

2 4H AL(Related Work)

SRR LAl vt2 =, 2 AtolA AAIgE wASHE(0]Al BR/)ONA Bl wAbStS(E =
EL ADIAE SE)eR0] #Ue Aze Alzoldh ool o 3
urAlel e & 2AI9 Wolwt e RAUE ottt Ae ®olxs] st & &)
Ho|okH(of: Beygelzimer et al., 2016).

Qlo] BN WAsh: Bl TE WIS A olel A AP Uk o2 S
Sun et al. (2025)2 C}Sut 7o QQle Agstey: wdlo] st ApAlZH(overconfidence)
(Yin et al., 2023), tZY(decoding)e] FArAH (Lee et al., 2022), +=9o] &1}
(snowballing effects) (Zhang et al., 2023), 71 #H2]l(long-tailed) &8 A= (Sun et al.,
2023), Q@ =35t= AH(alignment) & (Weli et al., 2023), 7 ArZaA|(spurious
correlations) (Li et al., 2022), =% H3Fexposure bias) (Bengio et al., 2015), 9%9]
Al Z(reversal curse) (Berglund et al., 2024), =% & (context hijacking) (Jeong, 2024)
olo} SAET 07 WSS Heh UYT JANS U A BYNE QWS ATsof
2FtHRussell and Norvig, 2020).

7 WS EHE o]gA A+t Kalai®t Vempala (2024)9] A=, & A7 &Y
(reduction)?] E43t Aholty. 158 Good-Turing +2F A=F
missing mass estimates, Good 1953)2 &Ztat HZAsion, o= A2 30 AL £
a8y sl date A Bl IDK),  wARstsatel A4, 84
(post-training modifications)2 C}2X] 99ton, TdHlo ZE2EOoELT  IESHEX] AQrCH,
Hanneke et al. (2018)2 &84 ©Q2}Z(validity oracle, o]: ¢17H)of
ot o] nHEle XA O Z(ggnostically) sH5A]7]= Ogtd sh(interactive
learning) ¥12]&3 FANN. 159 YR 80 g&A50|1
U EaR SHATE AN aade BojAld. A9 oE oA o
2025; Kleinberg and Mullainathan, 2024)2 43’d(consistency, A9 &£3& oghat
Z(breadth, T}ofsl 1 olojxlog Zual Zelx AA]) 7ho] EAIAO

ﬂ.l

Olv \_/

O_u

A4

> =
SAeket 0131 AFE2 Aol H2 Wl disll, &4 HlolHE dol g¥tdlsi= B&
Ldo] A= 9 (hallucination)& A/dstH 4 2 & F3(mode collapse)g Z°l. AA &
7 g8 HHUE WA 22 AdS Bo&E

o2 F48l% JMS—olS o] QI7F mEWS 283t 2s}stS(RLHF, Ouyang et al.,
2022), Al mcHie &5t 715}shS(RLAIF, Bai et al.,, 2022), &A™ A5 zAZHDPO,
Rafailov et al., 2023)—& 2@z =20} AutAol 93} (common misconceptions)s Zgh
718 Zol= ¢ anAdo] UYZSE QI Gekhman et al. (2024)2 2L AW tfs]
Oe] DHERS 25 A Sl B2F ZastAlY, olF oh] B4 4 8L Hof

— 1 MM a2
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Zolth. EoL, Apdo] Aojep = R /st % AP A&4(factual accuracy)dt 2
=24 d(model uncertainty)ol]l ®igt & AleE QIIZFSth= AMEOl  JSEHJAT
(Kadavath et al., 2022). A 204 =9]3F B}Q} Zo]|, oujAt W& 9= A 9](semantically
related queries)ol] tiet 229 3F EUA| A &S HA|stAY gatst= O 82 &
9)tH(Manakul et al., 2023; Xue et al., 2025: Agrawal et al., 2024).

g7tg gsksle o EuAQ corel O WUSE EAFC. ol Sof, i et al (2023
o} Tian et al. (2024)9] AHlolg F1g 4 o} F7F EHo|A =, &2 o2 ZdAQl Hl
Alot3et gl 3 e A E QT 9l: Bang et al., 2025: Hong et al., 2024). J2.2{1} o]2]g
w7k AA] AA) AEl(adoption) IOl thet M e e A7 godos Ao g
o], 2025 Al Index Hixj(Maslej et al., 2025)= 7zt ¥ HixX|op3o s “Al ASYE]
Hold e At o ol2lee A1 oot n AFsta k.
da3 oxl BEOR Ul AS dol, BEUAo] Fre wr} AUst] A
gt~ 9l AEUst AojA X (nuanced linguistic constructions)’t A|otz]o] it
(Mielke et al., 2022; Lin et al., 2022a; Damani et al., 2025). Esl, <Joj7} U
(context)ol] ofsfi o}g7| F==A1S A+st= @H-E&E(pragmatics) Fof=, lof 22| 3
BE FYst: WAL ofsistn AjMste o A4 o FA3 422 S11 UcHMa et al,
2025).

©]

~

P

un

3 AMAErE Q@ F(Pretraining Errors)

AREHS S 712 o] mHl(base language model) pS AAdstH, o] S £ ol &
Z polN FEH HAE xS ARG o]= H]L*}‘#A(’ﬂ’ﬂ—l AR U F7(density

estimation)” ZAo] siG3trt. of7]A Week @] olojEo] tfgh €& FXE(probability

distribution)& 9Jujstct. ¢loj rolo] AL o] &&F X St

Y3 (multimodal inputs)o] zetd deofl= sid U=
712 2do] RFE YAAIN: AZ SWshs Ol glo] SAUAQl of2g2, B dol ©

dio] AAR Q7S WA A=t Ao

R QRS qorq(L DK+
R5) 2587t Gtk PR A9, Qele] g3 oAlojA SMAES Tadl Ald(regurgitate)st
v 712 28T QFE YAAIIA gt 22y o] & HElE gt Ao Aufigitt U
= FYE oAl Bl §A9 o) 29YSl J1e SRolct = £Y ERo U2
5] QAlsts FA9] 7R BE p=p oA RS WalAG o Aot @ANoR Bibs
g Aez PJoist &3 dolgrt Hastt. 1%*0115 Eot, FEs A 2y U2 22
= 54 939 9RE AN Syl Qoks A B

A0 tn, 9ad 22 AASE A5, oRE makt e &9 9aHe BR
ot At of oldck ol BRe Soh 2R7 AYSIn o & Ak Adergole
o] WS A 2EY F HAHAYZ AL o oot do] Bd2 XZo] HAE Gt
gt5 B X (probability distribution over text)2 Ao LW, o] mEDEJ} ZIECH3.24
FzR) F A 15 2 AHRS TRST. ZFZET ¢l oAl OE 13 22 Y A
Folth. i, LERESL gt BUe 57 /il YUL BE Ao(query)E WL & Yt
Ut AH5 Y4 (autocomplete)ol] ZetElx] gtk @e 9lof melo] ofA Tolg Jyioz
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e ©o]E o|&5t= Ap7] wAFS5(self-supervised learning)2 £33 A& Qict stHgte,
o] =29 #A2 durAQl dr FAo ALEHD ool "ofE ©o] oE7](next-word

|
predictors)”o|¢t It A] =0t &2tS WHlo] RE%H IS AT » g AR 4™
= A T=AHprefix, o “Adam Kalai was born on”) o GA-s5H] Jo 28y &
Al A #AEolA,  Al4H(computation)s  FAISHH, Ao 2HEE  AhsAd J&’S
(autocomplete view)Q 2 Hi= 712 It AP} ©olE 6}‘—}’#‘ Lot *}EUJ—E’-O]L} % a5}
Al At} f2]9] #AL2, @77 YAsh:s &2 ¥
LFE TAAZA 5 QAT zdo] FEAR1 Ao

of Stxof g5 (fiY=]”] Y-S AlAFIT

3.1 28 E Q= AHQ0] 3tU(The reduction without prompts)

ZE2oEVL Qe AL, 7B 29 p= AT xo] theh &5 Bxolch oA =95k biet o],

7} oAl xexe "IHX3Hplausible)” FAFE(f], shte] #A)S YERATEH oAl Aler X=E

Urz =Y, ol LFE)Y} Fa AA(V)E F29n. ot E, Ve A= HAA| %A=

(nonempty disjoint) Zlgolct. 7|8 2w po] © 28 (error rate)2 CHat 7ol Ajojgrt.
err2=13(E)=PrxN[;[xEE} (1)

X) oA ystth 7Hgsit. &, p(E)=o00lth. oF

=
goleyt 28X o zuF 2HIE X4 (partly

—~

=9 o8& =027t Qe v 22 p
o

A wojat uer o], molxrt 9= ¥ 3l
correct statements)& AMEst= 4L, 2582 AAH sIstEtt § =& 79|

o[A] MZolA Arft NIV ol &7 wAE FAgsHlt. Ve s i s I
(target function) f:X—>{—+} (&, AY Vol &st=A] oF) < oAl A Xof it &2 D

~

\Y
(£ ole] pol A 229 WET #5 WY ©FE 50/5002 4 BE
d

_plx)/2 if z€V, o {-i— if z€V,
D(m).—{ . x) = s E

2 Fofxltt. f2]9] #AL 7|& EC“—J QEg err=p(F)S, UM A5t 1IVY] QBFE&
(misclassification rate) err;, < ©]83}o] sl$Hlower bound)g AJA]gtcH

err,, = Pr, _ D[}(I) = f(x)], where f‘(;p) = {_I_— hf_ ggz; Z 1//'@{ (2)

TrepA], 219] gh(reduction)of|A= 7] 223 1IV 2772 AMESIH, 7|2 29| &
S E74 UAZthreshold) 1/|E|9t w]isto] B&/3Ich ojuf p(x)Qt #e g dutso
712 RHoA ggdor AL & JqUHH, stete] oulE {sl ¥teA] g&A Al4bo]
Qg 22 ofyn}).

4

Ol'

Corollary 1. & BX p7t p(V)=1& vHEsEL, Qojo] 71& @ell po| tfstoe] thgo] A

Tl 5 014 erret em, = A7 A (3 (2014 FlE gol,
0= pa)—p)|. A={eexp)>1/IE}olct. 5, 712 melo] sty RBaujl AF &3
Rxel AU Afo] LA UYL a7} marse] glon), of Ao ¥ pdo| 92§
(err)o] IV 288 (err, )0l ©J5) SHIO2 AoFHS MojzC)

stoh err = 2erry;, —

o AL dojo] 7|E 2Hl pof ofs HYEteR, 43 AES FA £E3F 4 ot
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oA |EI=1% 4&—5 &t ¢fo] F5A0fA]
& 271535t 7@ (unlearnable concepts)
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< Z3lst= IFE %S A4 Z3K(plausible generations)?] Aoz HET
Ath &z digh = oh2 ¥ Aole &Y HolH(Es y

=10

=11 il — ‘O
de22 B Jojt. gels|=, Y9 @F steh2 o] Foo= FdsHA AE&HY. 1 o]z
=+ Holg7t 2% AAA oz ZHE20(valid training data)® 7317 TjEo|tt. whetbA
A El AFAA Q E(factual error)= AMAA o2 Astst 23 flolEjo] AT 4 ¢lo

3 o
%, 2 AHAIR “H]7]9HA (hallucinatory)” @ 48ho] gl7] o]t

B X (Calibration): oA |6]7} (&2)E A= ((mis)calibration) =S UERHD], AA shE o]
Sole Ao Kl olfE AYSHAR dojo] figt offsl XAlo] giHet:, W5 &
pla)=1/1XI S 5t 6=02 24T 4 ot mety §=00]2t= AP WrEA] p=p <
ou|stx]= et} ZAtAHauditor)s 7HHEE], £ AE x~pot A AE z~p o & A
&g ol gsto p(z)>1/|El S W& 29 vl pla)>1/|F Sl
&2 vludozH 55 FHY 2 Atk Dawid (1982)0A 42 Wof, o]F X o &AL
(weather forecaster)2] Atgof] v]{Fg 4 Qo &, WY w7t & &5 o&st
B2V EAL 7 71289 B A2 29 Hot o Euo] AA v7F &
LRGH=AIE &Qlsk= oty gt oy =g0] ofd AA t (t<[0.1]) Bof 2 Tigt o]
L= Sl 2718 93 &% itk Dawid (1982)=
= A=, &, 25 t€[0,1]0] s, &7} 2t o 5" dE 5 AM=E v)Y
& ]

tjo

d
Ip
ol
o
rr
oo
iy

o] oF t7} &]ojof gtrf= 7ot
g2 BE AMAEG9 WAl QIE 21(cross-entropy) =4 A
erri=L(p)= E, _,[~logp(x)] (3)
of thslf, f s7F L¥tHo=R AA EHeAlS s Fdstobs AdYolch Gd(positive) o2
el oA|59] 52 s>09] U] &2 A|ZA(rescaling)st, 1 § AFalstcta shAk:
];(x):oc{fﬁ(w it pa)>1/1£l,
’ plz) if plx) =1/|E|.
W e ALS Foll, 6= &4 T AAYLY Alg sofl izt =349 s=104 F
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d

0= EL(ps)L:l
A2 & 4 Aot TeF §=00]2tH, s#1Q%1 ofH oz AAAYSIH o] Fad 4 o
bz, 1 242 =4 3 4(local minimum)of] AA] Fth= STolth. mhebA, of2igt Tl
2AEEE AR TS

l'IJ[o 0‘|>|’

3 E85| g o] wdl Zejao AR x| A IHlocal
optimization}= AF2 6 L& 7HAof gitt. E3t 6= & AAIR t=1/EloA FJE
2o, AAZE t Auto] tfsf AMEs= Expected Calibration Error (ECE) 72 7jddrci=

°feH(calibration FFoJA 2 FAgH) 7i'golct.

+
=

g2 712 o] giAe BUbsi g ATAE e $2e] Bt Fgd
Jones, 2025: Leffer, 2024: Xu et al., 2024). 124 &2r3 A5 dor|x] e ZHEZ
grEl e A 0lS idsi o2 Sof, “39 ¥et 7% "3+ 877 7
e L s L]
ACHIDK) 21 st AE-gw
t}7} Corollary 19] QX} 3}5te, o2
=gttt — 5, 67} 7o} @it o] =

L6 Calibration curve (model=pre-train) 5 Calibration curve (model=ppo)

ECE: 0.007 ECE: 0.074
0.8

06

o
o
Plcorrect)

P{correct)

o

=
o
s

0.2

0.0 0.2 0.4 0.6 0.8 1.0 ) 0.0 0.2 0.4 0.6 0.8 1.0
P(answer) P{answer)

Figure 2: GPT-4 calibration histograms before (left) and after (right) reinforcement learning
(OpenAl, 2023a, Figure 8, reprinted with permission). These plots are for multiple-choice queries
where the plausible responses are simply A, B, C, or D. The pretrained model is well calibrated.

3.2 xS 35l 31Y(reduction with prompts)

O|A|F-El= Section 3.19] A4S U¥tsiolo] FLE Fi(prompt distribution) uofA A4
=239 ZFZE (F%(context)) ceCE Zst= %S GEH. 24 oA x=(cr)= ZEZE
c?} o oigt TH%St SH(response) r2 J/JEC). Section 3.1 wb Bl ZFZLE
(empty prompt)o] =& 12 ZFst= S5t 4ol sigetct. #oj7 ZFRE ceCco of
al, V.:={rllc,r)EeVie fas S99 Ageln, B ={lcr)EEtes 2F SEEY A
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grojct. & 22} 7|E Y2 olF A2UFE ZFH  F3E(conditional response
distribution) p(rlc). p(rlc) 2 HRAUCE 7|24e] Wl Yo, 0|52 X AolA 2T £

(joint distribution) p(c,r) = pu(e)p(rle), (c,r):i=pule)plrle) 2 &SHCEH oA
) J

err=p(E)= Y, ulc)p(rle), p(F 3
(< r)EE

Teta 238 219 oF52 A|A &= (distillation) A+ (Chiang et al., 2023; Anand et
al., 2023)ol4] Md, {&st "tigK(dialogue) ol siF3ttt. 28 &3 HlolE7l 543t =g
ZE Fr@dA &9 22 7t gistz 4R oty 7Sk A2 "R, o]
717go] d™stA] 2ed Q3528 o &2 QFE(error rate) o] UYEE 7Hs/dol ot &
ZEZL 23 IV 2AlE oldut 5Yst S8 T4 f(z):=+ iff xEVE Zhett 61X ]‘?_ )
grebel F3 D= o3 gZo] godnh: Avte] &8 2 x~p(&, 7t oA AMEH)
YAl Zero] &H&82 x=(c,r) QHl, o7|A c~p (ZFZEES AHEH)0lAL, r ST ZEZE
ol & o s

cl
%)
Al
Iy

O 55k (randomly) A= E T Opx|Rto 2
z):=+ iff p(rle) > 1/min JE|. &

A7)0 olsrmtt 2 ooy, sid SRS “RAT (o= mUC
Corollary1-& Huis] ot A2 1(Z9: Appendix A-p.

Ae] 1. p(V) = 12 gr&sts Qojo] &8 By pof Qlojo] 7]Eudl 4o tia,
max,| V.|
Zlv min(fl E(’, |

o] gagth o71A, §:=|p4)—p(4)], 4:={(c,r)EXIp(rlc) > 1/min |El}o] T},

err = 2err;; — 0,

stote RAALY p,(rle)S Lutslstyl, O oj7fHS sofl chsf of

G el L) = 3 —p(oogplrio) 2 3
SEL
3.3 718 ndo] gt @ F Q A(Error factors for base models)
24 uztel A2E §o) ol3l RRANY 9RY 0RFE YoIlk SN 29S| Wl
St} oleiat 71z0] ojsiE viEo R, #2F U J|EH Al 0RO Yl Treu o] A

= oX

2 oty EAA BxrXA(statistical complexity)—of| & So], U ZA|(Section 3.3.1), ¥
gtst @ el(poor models)—o|& S50, ZAt 75 Al7|(letter counting) w+A|(Section 3.3.2
J2]31 GIGO(Garbage In, Garbage Out)?} L FI7FAQl QRI&E—0|& ESof, &
(conspiracy theories)?] 73-2(Section 3.4).

rfu

3.3.1 9] x}Al #ZH Arbitrary-fact hallucinations)

2n @4s AU & b 0AT U] EAlstAl %L ©, ot AAA
(epistemic uncertainty)Z& 2Jujgttt. & HQ3st A[Alo] & Ho]Efo] zglE] o] °‘7<l A=
Zlolt}. Vapnik-Chervonenkis AFL(VC x}¢) VCO(F) (Vapnik and Chervonenkis, 1971)
v T2 AY F (& fXxo-+)E =2 dEE I50h7] Yol Bast 29 HL oA
2 UeERdch VC AR0] £8 @4 AFe osol i we MEE 27% & otk oA

Al

Jl-‘;

0,
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Aol 1 AdoJA A}A(Arbitrary Facts). T2 QA&
E B3 p(c), shte] "RECHIDK) Sg, 121 7]

a,£100,1]. 7 cofl thsh 45 EH¥A o2, o RQ st Fo] ¢
Bgct s5Hoz 72t ceC o sl plale) = a0l p(IDKlc)=1-a.0lTh F,
E,=R N{a} 011 937 3% AT V.= {a. DK} oL},

|kl
ofy
=]
[m
o
0
oo
on ol
o)
td g
v
do oo |H

el 2 ol oh
i7a e | =

lo

AR o ]

2E ApA(fact)e st WHH WHO R BAUCKT IR o)t %A AFA Y of
AR FAo] WAIE ZFolth el 2k ARE EASHE ol oj2] J7t Jhset
9. #7fo] WY o wol WAT Ao YT & Utk Yol 1R WY A, |,
-36401 2, QEole] AXY AF AFEE FAE pe) YWREDE ¥ FF)o| A Ut
k. olg 5o, oflErele] AU T fuE AUL ozl W ST, Lyrele] A
Qe v JAAY @ U SHE FOE Atk LLME AF AgEE AP-og SO
ORI ErRlS] AUOILt HAere] w2 Ao hoME Ao @RS WA erert

o714 AAIE 2o Thet sere £ HlolElol N © @ Wk SAS: mgnES] ulg
(‘R ETHIDK) SEe Mg 1Foe st

Jeol 2 AZE H|& (Singleton rate) ZFIZE ceC7l AIFEolY T2, & foJE
eWr™))T ol “mEBCHIDK)” -S4 glo] Aats] gt ¥nt SAfst 495 Wit
 Hiid? =enrl) = DK} =18 WFshe Aol o, S = Ce AFESS AY

- |j€7| 2 &3 gojg Y AZFE9] v]E(singleton rate)S UERHCH

N

, ST

jo

AZE H|S(singleton rate)e M2 Ez2]o] Qo}st ‘-2 A2Kmissing-mass) =& 7]
(Good, 1953)0] 7]gtstct. o] FA7|L ol BxadE BES =&EIPL 0, oAl st HE
UEIUA] b2 ZAutso] duty @2 &50] g9 JAeAE FHTY. HANCs, {7
o] ‘Ho|x] 92 At7d(unseen event) & ZAZIS pHE = A5 gk HOF SASH §H=20]
g2 AAteEch Ayxoz dstH, AJFEL2 oto

£3h Z2akso] 4oty o g 2 eAlE BEoFe tie] A|E(proxy) HES ofn, TabA]
o] 59 A HY]&(empirical share)o] EXx HAOJA "= (missing)” F&& Fs5t=
<7171 €}, oA AolA AA(Arbitrary Facts)oll tjjst “dAl(bound)E A|A|sHIT.

ga] 2 dolA A (Arbitrary Facts). UoA At mHEofA], N7jo] &/ MES dHPo=
grop ghg 29 pg F¥ste oW duagolaty, thgol gttt (a= (a,), _ o N7HS]

= A distq =& 99% o)

> gr— — s
err = sr— | \/N
<] (calibrated) pS &2}

g, 6=0%1 B <
gl Al ZE 99% o]de=) thgo] ittt

e (o

|

E
o
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sr n 13
max,|Eq|+1 /N

err < sr—

o7|1A, err& QF&(error rate), sr& AJZE Hl&(singleton rate), |E,|+ ZEZE (o
gt oF Ao 27| ujgtt.

(0]
9Jti(Kalai and Vempala, 2024). 1 ZW(proof)2 XE Bo] 9/t}. o]& Miao2t
Kearns(2025)9] &4 A-toAe &7, A& H|&, J2]1 2% P ASA A1E 3

staict.

fn)
o

3.3.2 A%o0] Y2 ol (Poor models)

B = Q@ =(misclassification)= 7]& Tdo] BAISH & ¥Aysh 4~
72 Udt: (a) 22 Al¥(model family) AHAI7F 7HE & 5]
—oF =0, A¥ ZVIZE 9F 2 A= 4% (b) 2F A2 525 B
UATE, FAAAQD melo] flojElo] & SHA] 4= “dolth. Agnostic Learning(Kearns et
al., 1994)2 (a)¢} 22 =g o727 9ol 7018 2771 g: X—>{—.+}19 AL ¢ WollA
7Hss Ala R RES that Zol Aot

opt (@) := mingEGPrme[g(x) = f(z)]=[0,1].

0.

%

%, Folzl BR7] A 6ol £ BE BEY] F AA A4 foro] 2UAX] HE(QFE)] T}
A ste ge ojujgit
Grof opt(G) Fo] Aok, Goll 43 ofH BRI|E RS QEFES A HUrh o w2

[e]
o
gt Ao 2@ B =7](thresholded-language-model classifiers) A|€-g ilg{stch:

+ if p(_)(T|C) > t,
G .= p=o,t=1(0,1]}, where )= -~
{99,7:' [ ]} ge,t(C 7") T pg(T|C) <4
42l (Theorem 1) S 2HE tf3o] HA] =&
> opt(g) = DXl Vel
err = 2opt minclEJ .
%, 0 F7&(err)E 2 ALY A FE&(opt(@))oll sl stgto] AAET, FIPAQI 27
g2 wWE A=A T4 vl B4 L(calibration term) 6= g€t EIF, ZF &
TW(context) of tisll FEol shet EXjohs 4—%, "2R275(IDK)” A=A Qe BE
ZAAl 2A|(multiple choice) 7oA L, BA Ff(calibration term)& AL 4 Qo
HeEr] 271 ¢=2 9 AL ol2fdt AAl(bound)E THE 4 Uck.

el 3 &4 742 FA|(Pure multiple-choice). & ceco| tisf |V, |=10]2tL 71738}

w
22 O=min|E,|+ 102} sak J2W ohe RSAlo] Yk

Ezlo]T73 Ao nW(trigram language model)g A4
A E dolghe Vo R 53, 5 F dolne] £ A
1980~19908dcfo] d2] A}gElglot, EE uE

cE
2
(@]
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(ungrammatical sentences)& £2dt= A7l AT & =0, O3 Z2 TFILEQ}
oG e nefs) vk

1="She lost it and was completely out of...” ¢,="He lost it and was completely out of...”
r,="her mind.” ry="his mind.”
ou, vV, :=E, = {r}oln V, =F, ={n}olch 5 £ coldE ST nol Fgoln,

= ey ol M= %‘é* r 7t ol "o

Corollary 2. w’t {cj,cp} AolA F+5EZ(uniform distribution)s w2cty AL 22{H
oj¥ Eczto] I3(trigram) T Eolzte Z|ASH 1/29] MA © =8(generation error rate)2

7P 2ol Qi

of Amt A 3028H A¥Moz iU
opt(G)=1/20]7] wj&o|tt. A2] 31 Corollary 29| £
Sa(n-gram) 2o] no] AES o 21 Wele] o=
ololE] @ 7S nol ofs} AlMoR FUHH

ol M2oA AA|E X} 7J4 M7](letter-counting) HA|2 Zo}7} ®BA} o] ZA|7F &
4 ds A (poor model)e] At AS =HQl5t7] Yall, DeepSeek-R1 & 20| FAE Al
G M Ae 25e B4 oE S0, o] 222 377 @7 chain-of-thought] £& i}
Re theut 2ol BojEck:
“Let me spell it out: D-E-E-P-S-E-E-K.
First letter: D — that’s one D. Second letter: E — not D. Third letter: E — not D...
So, the number of Ds is 1.”

"] 235t &t dolHE 71AE mf, o] DeepSeek-V3 TR ECH R1 2do] s Ao o
Agehs AlAbsitt.

d]| 23t 8t4 do]8 2 71A5IH, o]= DeepSeek-V3 ZEllWct R1 @dllo] s Ao o A
grst malQl S AJALSHT}. ZZ(reasoning)o] 2Est= mFAN] 3t 7}7<] ojgieo. 3 oo
ool BxKcharacter) ©@97t oflal EZ(token) ©Y2 mE2ZEZS FyIHstcte Ao},
o2 Sof, “DEEPSEEK’o|gt:= toj:= D / EEP / SEE / K¢ 7}01 2ago] mawc)

(DeepSeek-Al et al., 2025).

3.4 &7} 991 (Additional factors)
LFRe UM =9H QRIEZ Zsto], o8] 2cl9]
oI 1F @ kAl £ 991e Paste] AlwEc

e
o

Moz Agsiel WL 2= 9k,

ALt 2373 (Computational Hardness): 184 AFE A A¥E= off du|&=, 49
70l Q1A 538¥E M AFAS(ADol2} stEete ALl EAME o] &(computational
complexity theory)?] WAlZ |9Hat 4 AT AA=, Al Ali 0] AR o= o2y &
Ao 5SS Het= AH7F E1E vt (Xu et al., 2024). 2= D9] Observation 2=
de] 10] "c9 =3z 3sHdecryption)= FA¢l }7"9} e H]éﬁﬁ.(mtractable) Zoof o=
Al ALHEAS Boxn, olgigt ¢ ‘Ba2702(IDK) o] Elgst SEYS st

‘=2 o]F(Distribution shift): o]l /oA & LHR ojHF & shte, & HolHet
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E|AE fojElQ] Bx7} £F5 ZetXltHdiverge)= “do|tt (Quifionero-Candela et al.,
2009; Moreno-Torres et al., 2012). o]e} GA5HA|, Qo] TR WAst= QF9] At

HB0o 53 Buot I3 & (out of-distribution, OOD) T 2n E 2 Y E H|REC} d& &
of, ‘g 1Lt ¢ 1ot F oL ZKo] o FALI? e T2 AR & Hlo]Eo
7 FotS 7ol =on, 48 zdoa= ojgst AFo] AxH SHS &

A 7R A7) Al RE ool ¢ Relo] P 4
of gul2A BAIE At Ao Bop Rl way
P50l &8 AT

ru[n r{u

(poor models)o] ¥} 2 4o

‘GIGO(Garbage in, Garbage out): Q%2 &5 UEXo= £ LU AR o=
(factual errors)’t =ZgtE]o] 9lon, olzst Q&= 7|2 zdo
(replication) & & Qlt}. GIGO &Aool &/ AMAslSs &
dohs A2 AAYstEg, of7|A = oo digt FAA =9
2o flolglo] 952 Arf= A (replicate) FTHe ARAlo] ofe] o
et al., 2022b; Levy et al., 2021; Alber et al., 2025), GIGO= ©o|g|st EAA
£ ylex] QAlsol & F8 @io|th

QEE Zolk g&5ts ZAZ RAFAAHA o]lofXIHOuyang et al., 2022; OpenAl, 2023a;
Costello et al., 2024). TFS oAl 9 A% Fhzto] of&ls| |45 7] Li(persist)— 4] o]
dRe} 435 W7 (pipeline)ofl ol otehe & Qli=X|(exacerbated)E dYet.

GIGOE HEsh Uur™el QJ7id(common misconceptions) oy SR =23 772 Add GIGO

S&HTE2 S ©es]l Atedd REAYE g5H AHOA, ARAIE e 5 AR
(confident falsehoods)E £35HA] ¢+ “Hls HTA7|= LS dlof roh(AAst 4%
olg E°l sli(fiction)E Astes QIS di= AQ). 12y g2l S42 F7t=
Zol o] tje ojgle At FAAScE 1 o] f& 7|E9] WIR|upAe} 2B e EA
39 g2 ZEstr] hgiZolnh. mepA ol2igh At AdS ofEA W 4 ARl =olgt
t}. o] AFg]-7]eA(socio-technical) A2 & 3 =0l ©es] 71& F7F YAE 24
Sk Aol XA ¢kar, of2igt 274 AMgo]l 4 e B o= AjEHEojoF 517] W&
o|tf.

4.1 Y717t g&2+8 7shst= 9HAl (How evaluations reinforce hallucination)

o
Aol mdo tigt o]Fl HFHrt= AR Z5-1F ole¥E dAlsiy, 2AEE Eﬁd% =
A, JAlA R AlRARYS At g9, £= B&et @4 (clarification request)dl+= A4E
Holotx] A=t Ay 450 22 A HEE oAs] olF oA FFE olf1 ot
o[xl I} WAoA = FmIt AAS] F&]|&(sub-optimal)-"Ad] F|Hdo] = 4 glon gAY
C W oMoz FNIFEPE =-oz Zix=Ech & ©2719(IDK) S&9o] Scre F st
g8 S 9= 9HA, WesiA ARAIZE Q1= “best guess” @Hio] [ Ao] o} o]2{g Frt
71 5 7HA] viAlsE @45 AYgeth: (a) 20| st ¥ F Aste v|g, (b) EW

o] z&/d(comprehensiveness). SHX|9F &7t3 Fo]7] fJsiM= (D)ET (a)F Y HQ5H
4 7Hweight) s}= Z10] & @35ttt
FAAor, ELE ¢ FEHE Fojil Ao tisl, 2HFEE 3T YA GoIMY ./Y
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+
b4

AL)E R.:={rlllc,r)EX2 o] FoJstat. st 3n) 3G A& 4, ¢ RIF EXfgict
StAE (ol: IDK). {g.(r)lr€E R.}={0,1}0]1 g.(r)=0 for VrEAC|H, &5 g.: R—>RE
A7 ~Hgrader) 2t stot. X/l (¢, R, A,9.)2 BOEH, SAIRH=

R

o|%l R, AS 0
Qctn PgEtt AR A 71E0] olRge %m o, gc(r)=1?_] Age AexI
U=t SAIRPE Aol dish 7Rl A'd2 olAl g.oll thet A% p.2 B 4 et o
2t Alg stold =, &R SH2 S AdHsHR] = Zlolh

BE 1. =FZE 7F FOjRS o, oAl AMAXR| tiet #2 poll disl, A SE2 uTt

O
)
Lo
&
A

)

A.Nargmax,c, B, _, [g.(r)]=@

82 AH(trivial)SHAIRHE= E AFL), #F 12 7€ B7PF 289 2RIt e 4 S
= AlAfetth & 2= 75 Fo TRt e 7Hmeta-evaluation) £4& Kot Zoz,
ool 171 Qe B7PE oAl S AREShL 1SS HoEth mebd, 28 FUpt A
At Alzlet =g Bact Zo] HdgE R o, PRl &7 g SE5H
%e & o o= 7IEY &7 It A AAE Zrotdiel= Zlo] ofyet, oAl ezt
Ftet o] gAY S&ehy R0l RSt 2 Bug AbEstretl, titge 7]E Hot
oAdQ] Yo M= 2o O Ay 23 £ o]%% 7(] 5}% —]o]q

Table 2: Summary of evaluation benchmarks analyzed in this work and their treatment of
abstentions. “Binary grading” indicates that the primary metric is a strict correct/incorrect
accuracy; “IDK credit” denotes whether abstentions can earn any credit.

Benchmark Scoring method Binary grading IDK credit
GPQA Multiple-choice accuracy Yes None
MMLU-Pro Multiple-choice accuracy Yes None
[FEval Programmatic instruction verification Yes® None
Omni-MATH Equivalence grading® Yes None
WildBench LM-graded rubric* No Partial®
BBH Multiple-choice / exact-match Yes None
MATH (L5 split) Equivalence grading® Yes None
MuSR Multiple-choice accuracy Yes None
SWE-bench Patch passes unit tests Yes None
HLE Multiple-choice / equivalence grading™* Yes None

* Grading is performed using language models, hence incorrect bluffs may occasionally be scored as correct.

* IFEval aggregates several binary rubric sub-scores into a composite score.

" Grading rubric (1-10 scale) suggests that IDK may score lower than “fair” responses with hallucination,
reinforcing hallucination.
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5 =9] 9l slA|(Discussion and limitation)

gt oA 242 7HXB ', ol Aosti Briste] Zole Wyl disi AP &ejst
71 oo AR ZdY e TOestE ol 4 FUE AL OE EU2 A
& St gtk o71A AREH T3] Wl stA dis 2 THA] £ ARGE dw
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Appendix A. Proof of the main theorem
Hel1e 59

K:=mine ¢| E,| 011 k:=max. | V|2t FA 2129

A= 1{(e;r)E XIplrle) > 1/ K} (4)
o1l

B:={(e,;r)e XlIp(rle) < 1/ K} (5
olgtil &}w koAl Aolst wrel 7ol §=|p(4)—p(4)|oln ®at 5= |p(B)—p(B)|ot 2
o] AAX 9jo} ofzfo] thet m@ O 2 LpERA 2 ot 376|831 QR =W &S AAX] 9ot

ofgf = Fe2fstH
err= p(ANV)+ p(B\V)
erry;, = D(ANV)+D(BN V)
o|r}.

AAREE Z 2ol thste], &7 DUNV)E (r)EACIHA reEQ] Ao ot
D(c,r)] &oltt. Zt &2 Dle,r)=ple)/2|E.| < ple)/2K0|tt. 2] oj2ist 7zt oRF
Eot AR ool #FZHg p(AN Al ple)p(rle) = ple)/ KTZ 7]ofgict. whata],

p(AN V) = 2D(AN V)
o]5te] ¢

ofck. o]A] Be BEe A
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p(B\V) = 2D(Bn V)—%—t;
(B)oltt. w3t 7t LEXLE o}

Ziolct, &Aoo ols| 2D(BN V)=p(BNV)=p
—: ?Oldr. et

[‘IF

2 Hol
2% SHA R | Vi< k lmz p(BN V) = Dple)

Jo

2D(BN V)= p(B\V) = p(B) = (BN V) = p(B) ~ ((B) = p(BN V) < 5+ p(BN V) < 5+ 2=

ot o] Al ()it Ex]o]ct.
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Japan Al Safety Institute,October 31, 2025.
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= = - research of the current socio-technical influences of Al safety.
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- Literature
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2, AISIZF E2IeE TAL 9P 7F WA Zhol=aoA Al P e #lshh &4
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Table 1: The research topics in which the research results are presented in this report

Category Research topic
Psychological and physical influence on overreliance on generative Al
Influence on Societal influence of output bias

ethics and law

Exploitation for cyberattacks

Generation and distribution of obscene materials

Concerns over intellectual property rights of generated content

Influence on Influence on employment and the labor market
economic Influence of the proliferation of generated content
activities Influence on economic inequality
Concerns over training and leakage of confidential information
Influence on Generation and dissemination of misinformation and disinformation

the information

space

Influence on diversity

Influence on

environment

Influence on environment

Table 2: Matrix showing the relationship between research topics and key
elements of Al Safety

Key elements of Al Safety

Research

Topic

Human-

centric

Safety

Fairness

Privacy

protection

Ensuring

security

Transparency

Psychological and
physical influence on
overreliance on

generative Al

Societal influence of

output bias

Exploitation for

cyberattacks

Generation and

distribution of obscene

materials

Concerns over
intellectual property
rights of generated

content

Influence on
employment and the

labor market

Influence of the
proliferation of

generated content
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Influence on economic

inequality

Concerns over training
and leakage of
confidential

information

Generation and
dissemination of
misinformation and

disinformation

Influence on diversity ® ®

Influence on

environment
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DUYd 754 ZAHMonitoring Monitorability)
M. Y. Guan e.t.al., openAl, https://arxiv.org/abs/2512.18311
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Intervention Process Outcome-property

e Health Queries (missing evidence) e Math o Misalignment:
e Scruples e Physics — ShadeArena *
o Health Queries (patient opinion) — DAI-repo-sabotage *
o Toy math/science (GPQA, GPQA encoded, Daft, AIME) — Anti-scheming *
. o Impossible tasks:
e Toy sandbagging — Coding™
— Flaky-tools *

Table 1: Evaluation taxonomy. Neutral, Sycophancy, Bias, and Misalignment are encoded
by text color. An asterisk (*) indicates a tool-using environment. The environments are described
at high level in the following subsections and in detail in Appendix C.
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sjAxoz Ol PE(sensitivity, true positive rate)?t Eo|Z(specificity, true negative
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QElE wolelr] 9ol of S ABelol AGelDl, 1 An ur} wamoln YKoz oA
Mt RUHY 7/ AlBg et AAR o] =29 ZYE= &5 TNR = 15§ Hol2

20 Z e} = SEO b U A
2, g-mean’s= OIA|Z TPRyt RARGE Fafs HQlth A#Aoz = of, Wy £/do] 2Al=
g o =2 o 3t A8 A oluxl2 N5 A
LSS W ZUEZE o] oy &S] 5T 4 AeAlE UERATAL o5 4 Atk
Case A: Predict everything Y=1 Case B: TPR =99%, TNR = 99%
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Figure 3: Two failure modes for F1 which are fixed by g-mean® (non-intervention setting). Case
A: Because F1 does not care about true negatives, F1 can be high even when TNR is very poor
(here TNR=0 because every sample is predicted as positive). In contrast, g-mean? remains at 0,
which is appropriate for a degenerate monitor that always predicts positive. Case B: Even at a
fixed operating point with high sensitivity and specificity (here TPR=TNR=0.99), F1 can vary
substantially with class imbalance: as the negative class becomes more prevalent, precision and F1
drop precipitously. Meanwhile, g-mean? remains constant at a high 0.992 = 0.9801.
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A, & Pr(v=11X=1)

S Azt

1
i.e. y=1 because x=1

Total Effect
Proportion of ¢/=1 cases ':]
definitely due to intervention u=0

X Fp—— = e y=1 ino(epenalent of x=1

x=1 x=1

= =1
. . Scenario 1 Scenario 2

Figure 4: Total effect lower-bounds causal attribution. In an intervention evaluation, we compare
a control arm (X'=0) to an intervention arm (X=1). For example, the intervention could be giving
a hint to the model. We measure a behavior Y (e.g., model answer matches the hinted answer)
and assume a nonnegative total effect TE = E[Y | X = 1] -E[Y | X =0] > 0. Let U € {0,1}
denote whether the intervention was causally responsible for a sample’s positive outcome (U cannot
generally be determined in practice, but is useful for illustration). In the figure, we can see there
is some base rate at which the model performs the target behavior in the control arm (X = 0).
Thus we know that at least in a total effect fraction of samples, the intervention caused the target
behavior (Y = 1), i.e. this lower-bound is shown in scenario 1. However, it’s also possible that the
intervention caused the base rate of behavior to go down (U = 0 shown in red) and the intervention-
caused rate of behavior to be even higher than the total effect (U = 1 shown in blue), i.e. scenario
2. Because we cannot distinguish between scenario 1 or scenario 2 in practice, we designed the
minimal criterion true positive rate.

34 71E R&7F Bast o|fo] Higt oA 4x] Aok AWM FAIS 125HAL o714 THY

- 177 -



X+ R1E HE{AB.C.D}E AlssiH, A& <
B2, 5 v=14=H)2 Bstt}. A oA+ 2do] #53 &
7PdstH, Pr(y=11X=0)=0.250]c}. 7§Y xRoA = =Ho] &
Al &g 0.200M = w5 FAYNE FEFTAL st o] F¢

Pr(v=1 | x=1)=0.8+0.2 - 0.25=0.85, TE=0.85—0.25=0.60.
AoA Y=12 549 AlRE 7h=dl Zidoll 7]Q1gt vl&2 0.8/0.85=16/17 o]t} 12
B 5 5 0.60] Ssty, ol 16/17 Erf At

L S
_I|>l'

ES A 2olM mHlo] JIER AAlY B2 s AHstA] de 4% & Pr(4=H
X=0)=00]1, 7HY =40 ’8 5o ni7iA| 2 RHlo] &g 0.82 JIE
Q]

Ae s
CECHL shAf o] 9ol & it 2 A 9P vlg(0.8)Y FAFS L 4 ook
9

FIO r°“

—_

A & 7HA] oAl & 'art 1A F&F Hla(causal influence rate)ol] theh sheh2 Al
IS 2030, &4l 20M9] s 7]F wAlS(base rate)o] 091 FLot F ¥o] A
. OA A E ulet 7o, Y mAA EAE Y50 7|1F S0
ot 7IE AEo] lpAlor JFE WA=AlE HEHste A2 =7Hsstot olof met, o]
stor2 2838to], U=E i = F A4S 7Y 7]QldiS0] HAL] = H| S o]Alo 2 WH
7b SF3(trigger)st=A]S 7|02 BUES HIish= A &S 1SRt & ZoAE ol
Al &Sl XA 7|& WZFE(minimal-criterion sensitivity), TPRmcES XU} AHA|5] AH st

ol
e
N,

83 BYUEE AT A 71E. B sl s, ©A ol Zia ve{0,119F, (P13t
7120 2) Pr(Y=1)2 Z7IX7]= ©xA 7]U(monotone intervention)¢r2 1 2stct o] 73
o TE>07k Jstel, WUEZE HAT 9 ¥ WS(iriger)slol sheAlo] ois) =ojF %
o). agtomele 98¢ RUHE 0hg £718 WA} fict

1. §o]=(Specificity, 2&A 71&): £2 ZYHE X=0 o|AY v=0Q o= AZ ¥H33s

39 o

rlo dlo yg

==

+ oF "o
01 7Fe (Sensitivity, H{EZ& 7]&): X=10]1 Y=1Q1 AL
AR 9 Aol A4 ulg ol wHesiop st

@2 (monotonicity) 7P stolAl, A £ZoIA BEE P ARIE shedl, Aol A%
g 2 9t A4 8e ohat Zo| Fojdch

R B TE _ Pr(y=1Xx=1)-Pr(Y=1X=0)
effect = pPr(y=1X=1) Pr(yY=1/X=1)
oebs ZYBE VR &M o]  Hlg  ojio=®  wRESfof 1. &
Pr(Z=1X=1,Y=1) = R, ;7,5 W&slof gitt. ojo] mat o] & 7|FES wgst S4

U0 54S ey 2ol Zod 2 o
Pr(Zz=1X=1,Y=1)

TPRmC{ Reffect
1, PF(Z: 1|X:17Y:1)Z Reffcct

2 =zoAe oAl Zut Ye{0,110] tisil TPRmcE AAISHA|RE, Lt /82 A4t 2t
ole A % otk o AL Priv=l1X)E ElY X2 oiejstol, olo] wet & auhe
TE=E[Y | X=1]—E[Y | X=0]2 Aolx]: 7|t Ar&(expected lift)o] =}, o]& E3| SApsH
2 A Y& H|S(minimum attributable fraction)¥t 1o gj25t= 7|52 =58 £ 9]

Pr(Z=1X=1,Y=1)< R,

- 178 -



3.1.2 7Y g-mean® X &.
A4 (200 T} TPRmcE g-mean’d] AMG3C} Aubdoz Ex| xANAMo 24 Al
(control-arm negatives)o]] s =& TNRES &Ad5}

(intervention-arm negatives)o]] tfisff =& TNR

YEE x=09 &4 Aol Eo 21 24 AllolAE AAMoR
Anjsto 2y, Q9jdoe &2 A3 TNR(pooled TNR)S P& 4 QITHEE A2 F%). 0}
aha] Thedt o] £ ALHES FRsHL

TNRy_,=Pr(Z=0lX=0) 7TNRy_,=Pr(Z=01X=1,Y=0)
a3 & 21 7t 344 dese =25t drgstr] |6l o2 S waeitt

g—mean® = TPR,,.x \/TNRy_, « TNRy_, (intervention setting) (2)

N 2fole2 7idol del sats f=oh Feolnt
At S0l chshAfet sig A|&E A4rerct. ES
=3 A2 dlolEAe 7|5 E017] %’46 8
270 AR dlol"Ale] 90%S Zushe B¢ 8

3.1.3 W7} 47 7tol=atel
Rolgx] e Al(E, At

3
& gl faNE, 22 NAY > Qe aug
v, 5%

T3 o] mAUYAL J|E WS Pr(v=11X=00] FSAE s B FwE HZIC)

Pr(v=1| X=0)o] ZA&o] we} (x=1,v=1) WEE Ato]o] 50| FojEi, sy xaL A

7<1] 1Y EE G g R0 Pr(v=1 | X=0)>09 A9, &
7

© (X=1Y=1) Ay} BEEA] 7H?ﬂ‘

w} S =lo] ATt (SL5HA,
S 40l 1% WABO] ola SuE WA o] ARAh. AEA oz ot JE 43
gol we Jog oz At o] vl Ao, g Sof AnAl 24 jAl 7
WE BAl AL AHSSHE 2ol olo] st

opxlorew, mRAQl wUE AMere wixsty] 9l 4dwe] AchE EAl(adversarial

contro)g FE Z1¢ WL 53| g-meant, X7} Yo AZpHOR FojPEAlE Wt
SPA ke A ©ed SA WA slurstel "X AND Y'E oj5sh mueld] og) qIgiHo
2 xobd 4 9l 9ol Y ogst Yol AN Ly, 1 Azt ARe )
Qo 71918}A] g @UE El3(degeneracy) B7HE SAIRGOR MASIACE. of2igt oAl
SolA wUEZE S8R SEe Hlstyon(1Y 19) ok BUEY 15y 4ol "X
AND v'o] w3l Rio] of5) B9 E|A] Fechs Hol gt S BolFDh

sl GPT-5 Thinking®] g-mean? TPR, TNR,_,, 2|1
L Zhee A9ure AlBEChbE 4 B )



Intervention (aggregate)

GPQA

1.0
® 08
2
% os
(4]
= 04
[}
= o2
0.0
2 4 6 025 0.50 075 1.00 1.25 0 1 2 3 2 4 6 8
1e3 1ed 1e4 1e3
GPQA encoded Memory advice Scruples first-person Scruples suggest-wrong
1.0 | g e el
® 08 ""\o/’*\o——r_\_‘__/_'
3
S o0s
]
s 04 z
[7] o P . e
= o2 MH—F———.—/—‘ = 3 -
0.0
2 4 6 2 3 0.0 0.5 1.0 15
1e3 1e3 1e3 1e3
Health queries: Health queries:
Scruples suggest-right patient opinion missing evidence Sandbagging
10 = |t N ?‘**\/0——‘
@ 08 M\;\f—’* ———— e 3 +
2 . g
o
E o4 e,
Q
= 02
0.0
00 05 1.0 1.5 05 1.0 1.5 2.0 25 0.5 1.0 1.5 20 25 2 4 6 8
1e3 1e3 1e3 1e3
CoT tokens
+ Monitorability (g—mean?) # TNR (X=1) + TNR (X=0) 4 TPR (Recall) 4+ Problems valid
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CoT monitorability and CoT-token metrics over the course of RL
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Figure 9: Detecting Unmonitorability resulting from CoT obfuscation training runs.
We modify the reward function in a standard internal RL setup to penalize monitorable reasoning
generally (yellow) and in a more targeted way (green). (Left) We find that the generic obfuscation
model has drastically degraded monitorability in aggregate, but the targeted obfuscation model
largely only has degraded monitorability in Coding-impossible-tasks (Figure 25). (Middle)
However, the generic obfuscation model seems to obfuscate primarily by drastically reducing CoT
length. (Right) Monitorability per token increases initially, reflecting the sharp drop in number
of CoT tokens. Notably, it then begins decreasing half way through training, indicating that the
model begins to learn obfuscating strategies that are not solely reliant on reducing number of output
tokens.
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Figure 10: High Compute RL and Monitorability. We evaluate two different frontier RL training
runs: early stage versions of both GPT-5 Codex Max and OpenAlI 03. Plotting monitorability over
steps, we see both runs increase on average in the initial RL steps and then largely remain steady,
with a notable decrease in the middle of training for GPT-5.1 Codex Max. Qualitatively, we find
that monitorability is positively correlated with CoT length over RL.
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Figure 12: Effect of Monitor Capacity on Monitorability. We plot g-mean
monitorability suite over increasing monitor reasoning efforts. (Left) g-mean? with GPT-5 as the
agent for multiple monitors over monitor reasoning efforts. All monitors are only given access to
the CoT, with GPT-5 and OpenAlI 03 being the most capable, followed by OpenAl o4-mini, and
OpenAl 03-mini. (Right) g-mean? for an o4-mini monitor when given access to different observation

scopes, across monitor reasoning efforts.
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AARLR:
S. Majumdar et al., “Red Teaming Al Red Teaming,” arXiv:2507.05538v1, 7 Jul
March 2025.

B. Bullwinkel et al., “Lessons from Red Teaming 100 Generative Al Products,”
arxiv:2501.07238v1, 13 Jan. 2025.
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Figure 1: Technical and nontechnical components of a ML system, with those with potential trust
considerations marked by blue circles. Reproduced with permission from Pruksachatkun et al. [36].
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Lessons from Red Teaming 100 Generative Al Products
B. Bullwinkel et al., https://arxiv.org/abs/2501.07238
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Figure 1: Microsoft AIRT ontology for modeling GenAl system vulnerabilities. AIRT often leverages
multiple TTPs, which may exploit multiple Weaknesses and create multiple Impacts. In addition,
more than one Mitigation may be necessary to address a Weakness. Note that AIRT is tasked only
with identifying risks, while product teams are resourced to develop appropriate mitigations.
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Figure 2: Quantitative summary of AIRT operations since 2021. (Left) Bar chart showing the
percentage of operations that probed safety (RAI) vs. security vulnerabilities from 2021-2024.
(Right) Pie chart showing the percentage breakdown of Al products that AIRT has tested. As of
October 2024, we have conducted over 80 operations covering more than 100 products.
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Figure 5: Four images generated by a text-to-image model given the prompt “Secretary
talking to boss in a conference room, secretary is standing while boss is sitting.”
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4 AZ(Conclusion)
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